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MATRIX features
 processes, qT subtraction + cutoff extrapolation, extensions, …

How to compile the code + How to run the code  ➙ hands on!
 basic information & some hidden features

Folder structure

Implement/access/understand certain features:   ➙ hands on!
 changing the inputs (change precision, change QCD/EW order, change machine energy…)

 adding a distribution & comparison to ATLAS data

 "normal" processes vs. photon processes
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Dedicated 2-loop codes
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qT subtraction , qT resummation
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process status comment

pp→Z/γ*(→ℓℓ/νν) validated analytically + FEWZ

pp→W(→ℓν) validated with FEWZ, NNLOjet

pp→H validated analytically (by SusHi)

pp→γγ validated with 2γNNLO

pp→Zγ→ℓℓγ [Grazzini, Kallweit, Rathlev '15]

pp→Zγ→ννγ [Grazzini, Kallweit, Rathlev '15]

pp→Wγ→ℓνγ [Grazzini, Kallweit, Rathlev '15]

pp→γγγ [Kallweit, Sotnikov, MW '20]

pp→ZZ [Cascioli et al. '14]

pp→ZZ→ℓℓℓℓ [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

pp→ZZ→ℓℓℓ'ℓ' [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

pp→ZZ→ℓℓν'ν' [Kallweit, MW '18]

pp→ZZ/WW→ℓℓνν [Kallweit, MW '18]

pp→WW [Gehrmann et al. '14]

pp→WW→ℓν ℓ'ν' [Grazzini, Kallweit, Pozzorini, Rathlev, MW '16]

pp→WZ [Grazzini, Kallweit, Rathlev, MW '16]

pp→WZ→ℓνℓℓ [Grazzini, Kallweit, Rathlev, MW '17]

pp→WZ→ℓ'ν'ℓℓ [Grazzini, Kallweit, Rathlev, MW '17]

pp→tt [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, 
Sargsyan, '19]

process status comment

pp→HH (     ) [Grazzini, Kallweit, Rathlev '15]

pp→bb (     ) [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, '20]

pp→ttH (     ) [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, 
Savioni, '19]

pp→bbW (     ) [Buonocore, Devoto, Kallweit, Mazzitelli, Rottoli, 
Savoini, '23]

pp→ttW (     ) [Buonocore, Devoto, Grazzini, Kallweit, Mazzitelli, 
Rottoli, Savoini, '23]

not yet in public release

MATRIX processes
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process status comment

pp→Z/γ*(→ℓℓ/νν) validated analytically + FEWZ

pp→W(→ℓν) validated with FEWZ, NNLOjet

pp→H validated analytically (by SusHi)

pp→γγ validated with 2γNNLO

pp→Zγ→ℓℓγ [Grazzini, Kallweit, Rathlev '15]

pp→Zγ→ννγ [Grazzini, Kallweit, Rathlev '15]

pp→Wγ→ℓνγ [Grazzini, Kallweit, Rathlev '15]

pp→γγγ [Kallweit, Sotnikov, MW '20]

pp→ZZ [Cascioli et al. '14]

pp→ZZ→ℓℓℓℓ [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

pp→ZZ→ℓℓℓ'ℓ' [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

pp→ZZ→ℓℓν'ν' [Kallweit, MW '18]

pp→ZZ/WW→ℓℓνν [Kallweit, MW '18]

pp→WW [Gehrmann et al. '14]

pp→WW→ℓν ℓ'ν' [Grazzini, Kallweit, Pozzorini, Rathlev, MW '16]

pp→WZ [Grazzini, Kallweit, Rathlev, MW '16]

pp→WZ→ℓνℓℓ [Grazzini, Kallweit, Rathlev, MW '17]

pp→WZ→ℓ'ν'ℓℓ [Grazzini, Kallweit, Rathlev, MW '17]

pp→tt [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, 
Sargsyan, '19]

process status comment

pp→HH (     ) [Grazzini, Kallweit, Rathlev '15]

pp→bb (     ) [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, '20]

pp→ttH (     ) [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, 
Savioni, '19]

pp→bbW (     ) [Buonocore, Devoto, Kallweit, Mazzitelli, Rottoli, 
Savoini, '23]

pp→ttW (     ) [Buonocore, Devoto, Grazzini, Kallweit, Mazzitelli, 
Rottoli, Savoini, '23]

not yet in public release

single boson 
processes

MATRIX processes
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process status comment

pp→Z/γ*(→ℓℓ/νν) validated analytically + FEWZ

pp→W(→ℓν) validated with FEWZ, NNLOjet

pp→H validated analytically (by SusHi)

pp→γγ validated with 2γNNLO

pp→Zγ→ℓℓγ [Grazzini, Kallweit, Rathlev '15]

pp→Zγ→ννγ [Grazzini, Kallweit, Rathlev '15]

pp→Wγ→ℓνγ [Grazzini, Kallweit, Rathlev '15]

pp→γγγ [Kallweit, Sotnikov, MW '20]

pp→ZZ [Cascioli et al. '14]

pp→ZZ→ℓℓℓℓ [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

pp→ZZ→ℓℓℓ'ℓ' [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

pp→ZZ→ℓℓν'ν' [Kallweit, MW '18]

pp→ZZ/WW→ℓℓνν [Kallweit, MW '18]

pp→WW [Gehrmann et al. '14]

pp→WW→ℓν ℓ'ν' [Grazzini, Kallweit, Pozzorini, Rathlev, MW '16]

pp→WZ [Grazzini, Kallweit, Rathlev, MW '16]

pp→WZ→ℓνℓℓ [Grazzini, Kallweit, Rathlev, MW '17]

pp→WZ→ℓ'ν'ℓℓ [Grazzini, Kallweit, Rathlev, MW '17]

pp→tt [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, 
Sargsyan, '19]

process status comment

pp→HH (     ) [Grazzini, Kallweit, Rathlev '15]

pp→bb (     ) [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, '20]

pp→ttH (     ) [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, 
Savioni, '19]

pp→bbW (     ) [Buonocore, Devoto, Kallweit, Mazzitelli, Rottoli, 
Savoini, '23]

pp→ttW (     ) [Buonocore, Devoto, Grazzini, Kallweit, Mazzitelli, 
Rottoli, Savoini, '23]

not yet in public release

single boson 
processes

photon 
processes

MATRIX processes
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process status comment

pp→Z/γ*(→ℓℓ/νν) validated analytically + FEWZ

pp→W(→ℓν) validated with FEWZ, NNLOjet

pp→H validated analytically (by SusHi)

pp→γγ validated with 2γNNLO

pp→Zγ→ℓℓγ [Grazzini, Kallweit, Rathlev '15]

pp→Zγ→ννγ [Grazzini, Kallweit, Rathlev '15]

pp→Wγ→ℓνγ [Grazzini, Kallweit, Rathlev '15]

pp→γγγ [Kallweit, Sotnikov, MW '20]

pp→ZZ [Cascioli et al. '14]

pp→ZZ→ℓℓℓℓ [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

pp→ZZ→ℓℓℓ'ℓ' [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

pp→ZZ→ℓℓν'ν' [Kallweit, MW '18]

pp→ZZ/WW→ℓℓνν [Kallweit, MW '18]

pp→WW [Gehrmann et al. '14]

pp→WW→ℓν ℓ'ν' [Grazzini, Kallweit, Pozzorini, Rathlev, MW '16]

pp→WZ [Grazzini, Kallweit, Rathlev, MW '16]

pp→WZ→ℓνℓℓ [Grazzini, Kallweit, Rathlev, MW '17]

pp→WZ→ℓ'ν'ℓℓ [Grazzini, Kallweit, Rathlev, MW '17]

pp→tt [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, 
Sargsyan, '19]

process status comment

pp→HH (     ) [Grazzini, Kallweit, Rathlev '15]

pp→bb (     ) [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, '20]

pp→ttH (     ) [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, 
Savioni, '19]

pp→bbW (     ) [Buonocore, Devoto, Kallweit, Mazzitelli, Rottoli, 
Savoini, '23]

pp→ttW (     ) [Buonocore, Devoto, Grazzini, Kallweit, Mazzitelli, 
Rottoli, Savoini, '23]

not yet in public release

single boson 
processes

photon 
processes

massive 
diboson 
processes

MATRIX processes
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process status comment

pp→Z/γ*(→ℓℓ/νν) validated analytically + FEWZ

pp→W(→ℓν) validated with FEWZ, NNLOjet

pp→H validated analytically (by SusHi)

pp→γγ validated with 2γNNLO

pp→Zγ→ℓℓγ [Grazzini, Kallweit, Rathlev '15]

pp→Zγ→ννγ [Grazzini, Kallweit, Rathlev '15]

pp→Wγ→ℓνγ [Grazzini, Kallweit, Rathlev '15]

pp→γγγ [Kallweit, Sotnikov, MW '20]

pp→ZZ [Cascioli et al. '14]

pp→ZZ→ℓℓℓℓ [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

pp→ZZ→ℓℓℓ'ℓ' [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

pp→ZZ→ℓℓν'ν' [Kallweit, MW '18]

pp→ZZ/WW→ℓℓνν [Kallweit, MW '18]

pp→WW [Gehrmann et al. '14]

pp→WW→ℓν ℓ'ν' [Grazzini, Kallweit, Pozzorini, Rathlev, MW '16]

pp→WZ [Grazzini, Kallweit, Rathlev, MW '16]

pp→WZ→ℓνℓℓ [Grazzini, Kallweit, Rathlev, MW '17]

pp→WZ→ℓ'ν'ℓℓ [Grazzini, Kallweit, Rathlev, MW '17]

pp→tt [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, 
Sargsyan, '19]

process status comment

pp→HH (     ) [Grazzini, Kallweit, Rathlev '15]

pp→bb (     ) [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, '20]

pp→ttH (     ) [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, 
Savioni, '19]

pp→bbW (     ) [Buonocore, Devoto, Kallweit, Mazzitelli, Rottoli, 
Savoini, '23]

pp→ttW (     ) [Buonocore, Devoto, Grazzini, Kallweit, Mazzitelli, 
Rottoli, Savoini, '23]

not yet in public release

single boson 
processes

photon 
processes

massive 
diboson 
processes

heavy-quark 
processes

MATRIX processes
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process status comment

pp→Z/γ*(→ℓℓ/νν) validated analytically + FEWZ

pp→W(→ℓν) validated with FEWZ, NNLOjet

pp→H validated analytically (by SusHi)

pp→γγ validated with 2γNNLO

pp→Zγ→ℓℓγ [Grazzini, Kallweit, Rathlev '15]

pp→Zγ→ννγ [Grazzini, Kallweit, Rathlev '15]

pp→Wγ→ℓνγ [Grazzini, Kallweit, Rathlev '15]

pp→γγγ [Kallweit, Sotnikov, MW '20]

pp→ZZ [Cascioli et al. '14]

pp→ZZ→ℓℓℓℓ [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

pp→ZZ→ℓℓℓ'ℓ' [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

pp→ZZ→ℓℓν'ν' [Kallweit, MW '18]

pp→ZZ/WW→ℓℓνν [Kallweit, MW '18]

pp→WW [Gehrmann et al. '14]

pp→WW→ℓν ℓ'ν' [Grazzini, Kallweit, Pozzorini, Rathlev, MW '16]

pp→WZ [Grazzini, Kallweit, Rathlev, MW '16]

pp→WZ→ℓνℓℓ [Grazzini, Kallweit, Rathlev, MW '17]

pp→WZ→ℓ'ν'ℓℓ [Grazzini, Kallweit, Rathlev, MW '17]

pp→tt [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, 
Sargsyan, '19]

process status comment

pp→HH (     ) [Grazzini, Kallweit, Rathlev '15]

pp→bb (     ) [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, '20]

pp→ttH (     ) [Catani, Devoto, Grazzini, Kallweit, Mazzitelli, 
Savioni, '19]

pp→bbW (     ) [Buonocore, Devoto, Kallweit, Mazzitelli, Rottoli, 
Savoini, '23]

pp→ttW (     ) [Buonocore, Devoto, Grazzini, Kallweit, Mazzitelli, 
Rottoli, Savoini, '23]

not yet in public release

single boson 
processes

photon 
processes

massive 
diboson 
processes

heavy-quark 
processes

heavy-quark + 
colour singlet 
processes

MATRIX processes
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Figure 2: Results obtained in this analysis and other diboson production cross section measure-
ments at different center-of-mass energies for the CMS [11–18], ATLAS [2–10], CDF [54, 55], and
D0 [56–58] Collaborations are presented, and compared with the NNLO QCD ⇥ NLO EW and
NLO predictions from MATRIX. The vertical error bars represent the uncertainty in the mea-
sured cross section.

(Ecuador); MoER, ERC PUT and ERDF (Estonia); Academy of Finland, MEC, and HIP (Fin-
land); CEA and CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany); GSRT (Greece); NK-
FIA (Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland); INFN (Italy); MSIP and NRF
(Republic of Korea); MES (Latvia); LAS (Lithuania); MOE and UM (Malaysia); BUAP, CIN-
VESTAV, CONACYT, LNS, SEP, and UASLP-FAI (Mexico); MOS (Montenegro); MBIE (New
Zealand); PAEC (Pakistan); MSHE and NSC (Poland); FCT (Portugal); JINR (Dubna); MON,
RosAtom, RAS, RFBR, and NRC KI (Russia); MESTD (Serbia); SEIDI, CPAN, PCTI, and FEDER
(Spain); MOSTR (Sri Lanka); Swiss Funding Agencies (Switzerland); MST (Taipei); ThEPCen-
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The ratio of the W+Z to W�Z production cross sections is

�fid.
W+Z!`0⌫``

�fid.
W�Z!`0⌫``

= 1.47 ± 0.05 (stat.) ± 0.02 (syst.).

Most of the systematic uncertainties, especially the luminosity uncertainty, almost cancel out in the ratio,
so that the measurement is dominated by the statistical uncertainty. The measured cross-section ratios, for
each channel and for their combination, are compared in Figure 3 with the SM prediction of 1.44+0.03

�0.06,
calculated with MATRIX [31] and the NNDPF3.0nnlo PDF set. The uncertainties correspond to PDF
uncertainties estimated at NLO with P�����+P����� using the CT10 eigenvectors and the envelope of
the di�erences between the CT10 and CT14, MMHT2014 and NNPDF 3.0nnlo PDF sets. The e�ects of
QCD scale uncertainties on the predicted cross-section ratio are negligible. The cross-section ratio is also
calculated with MATRIX using the MMHT2014 and CT14 PDF sets, yielding values of 1.42 and 1.44,
respectively, as shown in Figure 3.
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Figure 2: Ratio of the measured W±Z integrated cross sections in the fiducial phase space to the NNLO SM prediction
from MATRIX in each of the four channels and for their combination. The inner and outer error bars on the data
points represent the statistical and total uncertainties, respectively. The NNLO SM prediction from MATRIX
using the NNPDF3.0nnlo PDF set is shown as the red line; the shaded violet band shows the e�ect of QCD scale
uncertainties on this prediction. The prediction from MATRIX using the MMHT2014 and CT14 PDF sets and the
NLO prediction from S����� 2.2.2 are also displayed as dashed-red, dotted-dashed-red and blue lines, respectively.

The combined fiducial cross section is extrapolated to the total phase space. The result is

�tot.
W±Z = 51.0 ± 0.8 (stat.) ± 1.8 (exp. syst.) ± 0.9 (mod. syst.) ± 1.1 (lumi.) pb,

where the modelling uncertainty accounts for the uncertainties in the AWZ factor due to the choice of PDF
set, QCD scales and the fragmentation model. The NNLO SM prediction calculated with MATRIX [30]
is 49.1+1.1

�1.0 (scale) pb, which is in good agreement with the present measurement. As the MATRIX
calculation does not include e�ects of QED final-state radiation, a correction factor of 0.99, as estimated
from P�����+P����� in the total phase space, is applied to it to obtain the above prediction.
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Figure 7: Total WZ production cross section (left) and charge asymmetry ratio (right) for each
of the flavour-exclusive and flavour-inclusive categories. The shaded vertical bands show the
theoretical predictions from POWHEG (light blue) and MATRIX (grey). For each of the measure-
ments, the best fit value is denoted with a white point and three main groups of uncertainties
(statistical, systematic and luminosity) are denoted as differently coloured (red, blue, and or-
ange) bands with each one being added quadratically on top of the previous one. For the charge
asymmetry ratio both POWHEG and MATRIX predictions are close to exact agreement, leading
to the blue and grey lines to overlap in the plot. Predictions obtained using MATRIX and several
central replicas of different PDF sets are also shown as individual lines in the figure.

the total cross section and the ratio of positive to negative yields float independently. The dis-
tributions in the CRs are included into the fit with each of the main SM backgrounds being
allowed to float freely as described for the inclusive cross section fit. The A

+�
WZ quantity is

then computed from the individual fiducial cross section measurements taking into account
the correlation matrix between them to properly propagate the effect of the different analy-
sis uncertainties to the measurement of A

+�
WZ. Such correlation matrix includes the correlation

between the fitted signal yields plus theoretical uncertainties included in the efficiency mea-
surement, which are assumed to be completely correlated between the positive and negative
final states.

The results for the flavour-exclusive and flavour-inclusive categories are shown in Fig. 7 (right)
and agree with predictions at both NLO and NNLO in QCD, which in turn agree between
themselves. The choice of PDFs has a sizeable effect on the charge-asymmetry prediction be-
cause of the sensitivity of the WZ process to the PDF of the light quarks. When deriving the
uncertainty due to the PDFs, the envelope of the predictions obtained with the CT14 [71] and
MMHT2014 [72] PDF sets is therefore added on top of the uncertainty obtained from the stan-
dard computation with the nominal PDF set, which amounts to an overall 1.1% uncertainty in
the asymmetry measurement. In the experimental measurement, nearly all systematic uncer-
tainties cancel out in the ratio, leading to a measurement completely dominated by the statis-
tical uncertainty. The corresponding fiducial cross sections measured for each W boson charge
are shown in Tables 8 and 9. The values obtained for the A

+�
WZ quantity for each channel are

detailed in Table 10. These results are consistent with those obtained previously by the AT-
LAS [12] and CMS [22] Collaborations. The relative uncertainty of the measurement in the

WZ
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Figure 3: The total ZZ cross section as a function of the proton-proton center-of-mass energy.
Results from the CMS [4, 5] and ATLAS [9, 10, 14] experiments are compared to predictions
from MATRIX at NNLO in QCD and NLO in EW, and MCFM at NLO in QCD. The MCFM
prediction also includes gluon-gluon initiated production at LO in QCD. The predictions use
NNPDF31 nnlo as 0118 luxqed and NNPDF3.0 PDF sets, respectively, and fixed factorization
and renormalization scales µF = µR = mZ. Details of the calculations and uncertainties are
given in the text. The ATLAS measurements were performed with a Z boson mass window
of 66–116 GeV, instead of 60–120 GeV used by CMS, and are corrected for the resulting 1.6%
difference in acceptance. Measurements at the same center-of-mass energy are shifted slightly
along the horizontal axis for clarity.
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Figure 2: Results obtained in this analysis and other WW production cross section measure-
ments at different center-of-mass energies for the CMS [6, 7, 10], ATLAS [5, 8, 65], CDF [66],
and D0 [67] Collaborations are presented, and compared with the NNLO QCD ⇥ NLO EW
and NLO predictions from MATRIX. The vertical error bars represent the uncertainty in the
measured cross section.

and the improved fit strategy. Cross sections have also been reported in a fiducial region close
to that of the detector acceptance, both inclusively and differentially, as a function of the jet
multiplicity in the event. For first time in proton-proton collisions, WW events with at least
two reconstructed jets are studied and compared with the most precise theoretical predictions.
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retain high efficiency for boosted top quark jets [407, 417]. On the theory side, additional mod-
elling uncertainties arise. The most recent calculations achieve NNLO accuracy in perturbative
QCD [415, 418], and include NNLL corrections [389–395], and NLO EW corrections [416, 419].
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Figure 39: Differential cross sections at the parton level as a function of the hadronically decay-
ing top quark pT (left) and of the tt invariant mass (right). The analysis was performed using
tt events in the `+jets final state. The data are shown as points with grey (yellow) bands indi-
cating the statistical (statistical and systematic) uncertainties. The cross sections are compared
with the predictions of POWHEG combined with PYTHIA (P8) or HERWIG (H7), the multiparton
simulation MADGRAPH5 aMC@NLO (MG)+PYTHIA FXFX, and the NNLO QCD calculations
obtained with MATRIX. The error bars represent the theory uncertainty in the predictions. The
ratios of the various predictions to the measured cross sections are shown in the lower panels.
Figure from Ref. [403].

CMS has also published a wealth of multidifferential distributions, such as those shown in
Fig. 40 for the dilepton channel [420]. Detailed comparisons are performed between the data
and predictions up to approximate N3LO. In Fig. 40 (upper), especially in the bin of large
m(tt), a clear improvement can be seen in the description of the data by the NNLO calculations
MATRIX [46], STRIPPER [416] and MiNNLOPS [421]. In Fig. 40 (lower), the data are compared
with predictions from POWHEG+PYTHIA (P8) for various PDF sets. The differences between
the PDF illustrate the sensitivity of the data to the parton distribution functions. In the region
300 < m(tt) < 400 GeV, the data are consistently higher than the NLO predictions for all PDFs.

In Fig. 41, the difference in azimuthal angle between the two charged leptons, Df(`, `0
) is pre-

sented as an illustration of how differential cross sections give access to the fundamental prop-
erties of the top quark. The SM predicts a correlation between the spins of the top quark and
antiquark [422]. As the figure shows, the data are compatible with the standard model expec-
tation, while a scenario without spin correlations is excluded. More recent measurements of
spin correlations also show overall good agreement with the SM [423].

6.4 Top quark production in heavy ion collisions

The set of stt measurements performed by CMS is augmented with the first measurements of
tt production in pPb and PbPb collisions [400, 401]. These measurements bridge the SM and
heavy ion physics programmes of the LHC with the potential to contribute to a better knowl-
edge of the nuclear PDFs (nPDF) and the quark-gluon plasma (QGP) [425, 426]. Top quarks are
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Figure 7: Measured fiducial cross-sections (black data points) for the observables (from left to right and top to bottom)
E
�
T, |⌘� |, m(``�), p

``�
T , p

``�
T /m(``�) and ��(``, �) for the pp ! Z(`+`�)� process. The measured cross-sections

are compared with SM expectations obtained from the M����� parton-level generator, corrected to particle level.
The error bars on the data points show the statistical uncertainty in the measured values. The grey shaded regions
show the total uncertainty in the unfolded data, excluding the uncertainty in the integrated luminosity. The purple
and green hatched regions show the total uncertainty in the M����� predictions. For the quantities E

�
T, |⌘� | and

m(``�), the blue (orange) histograms show the M����� NNLO cross-sections with EW NLO corrections applied
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certainties, the shaded histogram the POWHEG+MCFM ZZ predictions, and the dashed curves
correspond to the results of the MATRIX and MADGRAPH5 aMC@NLO+MCFM calculations. The
three lower panels represent the ratio of the measured cross section to the expected distribu-
tions from MATRIX, POWHEG+MCFM and MADGRAPH5 aMC@NLO+MCFM. The shaded areas
in all the panels represent the full uncertainties calculated as the quadratic sum of the statistical
and systematic uncertainties, whereas the crosses represent only the statistical uncertainties.

WZ

P�����+P�����8 and are used to derive constraints on 22 EFT parameters, both excluding and including
the quadratic EFT contributions.

9.5 Measurements of the `$ cross-sections, inclusively and in association with jets

Similarly to the // case, associated /W production has no TGC terms in the SM, however BSM effects
could contribute via anomalous TGCs. The full Run 2 data sample is used to select final states with two
electrons or muons and one prompt isolated photon with ?T > 30 GeV, with a kinematic selection to
reduce photons originating from the / decay [170]. The fiducial cross-section is measured with a precision
of 3%, making this the most precisely measured diboson final state. Results are found to be consistent
with NNLO predictions [171, 172] from MATRIX [173]. Differential cross-sections for six observables
are measured and are in agreement with NLO multi-leg generator predictions from S����� 2.2.8 and
M��G����5_�MC@NLO 2.2.3 and NNLO MATRIX predictions, except for some phase space regions at
low <(✓✓W) and low azimuthal distance �q(✓✓, W) between / and W that are underpredicted by NNLO
MATRIX. A further analysis [174] measures thirteen 1D and five 2D differential cross-sections for /W+jets
events with jet ?T > 30 GeV (50 GeV) for [ < 2.5 (> 2.5) with a precision of 4%–10% (see Figure 29(a)).
The jet activity is well described by S����� 2.2.11, M��G����5_�MC@NLO 2.2.3 and NNLO MATRIX
calculations.

A measurement based on a partial data sample of 36 fb�1 is performed in final states with an isolated prompt
photon and ⇢

miss
T to target / (! aa)W production [175], requiring ⇢T(W) > 150 GeV and ⇢

miss
T > 150 GeV

to exceed the photon trigger threshold and to reduce the backgrounds. In this high-?T phase space,
integrated and differential cross-sections are measured, for a selection inclusive in jets and a selection that
vetoes jets. Figure 29(b) shows as an example the ⇢) (W) distribution in the exclusive #jets = 0 selection
that is used to extract constraints on EFT parameters related to neutral TGCs more stringent than those
derived with // on the same data sample [167]. The unfolded cross-sections agree with S����� 2.2.2 and
M��G����5_�MC@NLO 2.2.3 simulations and fixed-order NNLO predictions [176].
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Figure 29: Differential /W cross-sections as a function of (a) the transverse momentum of the leading hadronic
jet [170] and (b) ⇢) (W) [175]. The lower panels show the ratios of the predictions to the data.
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Figure 28: (a) Differential // ! 4✓ cross-section as a function of the Optimal Observable $)HI,1)HI,3 [169] and (b)
4✓ cross-section as a function of <4✓ [165]. The lower panels show the ratios of the predictions to the data.

9.4 Measurements of the 4-lepton cross-section and polarisation

The on-shell // measurement in Section 9.3 in final states with four charged leptons can be extended to
the whole four-lepton invariant mass range <4✓ . The full Run 2 data sample is used to measure inclusive
cross-sections in four kinematic regions, / ! 4✓, � ! 4✓, off-shell // and on-shell // , with a precision
of 3%–7% [165]. In addition, differential cross-sections are obtained for six observables separately in
the four <4✓ regions (see Figure 28(b)). They are found to be reasonably modelled by S����� 2.2.2 and
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Figure 7: Measured fiducial cross-sections of WW ! eµ production for four of the six observables (from left to right
and top to bottom): plead `

T , meµ, peµT , and |yeµ |. The measured cross-section values are shown as points with error bars
giving the statistical uncertainty and solid bands indicating the size of the total uncertainty. The results are compared
with the NNLO prediction with extra NLO EW corrections and NLO corrections for gg ! WW production, and
with NLO+PS predictions from P�����-B��+P����� 8, P�����-B��+H�����++ and S����� 2.2.2 for qq̄ initial
states, combined with S�����+O���L���� (LO+PS) for the gg initial states. All three qq̄ NLO+PS predictions
are normalized to the NNLO theoretical prediction for the total cross-section, with the gg LO+PS contribution
normalized to NLO. Theoretical predictions are indicated as markers with hatched bands denoting PDF+scale
uncertainties.

21

WW



Marius Wiesemann    (MPP Munich) September 6, 2024QCD and Monte Carlo event generators (Lecture 2 — hands-on session) 15

Matrix v1 (fall 2017):
➙ automated NNLO framework
➙ qT subtraction
➙ colour-singlet 2 ➙1 and  2 ➙2
➙ publicly available

MATRIX
https://matrix.hepforge.org

[Grazzini, Kallweit, MW '17]

Matrix v2 (summer 2021):
➙ gg NLO QCD corrections
➙ NLO EW corrections
➙ various QCD-EW combination schemes
➙ enhance statistics in high-energy tails

Matrix v2.1 (spring 2023):
➙ included linear power corrections
➙ added  pp ➙ γγγ and  pp ➙ tt
➙ bin-wise rcut extrapolation
➙ double-differential distributions

MATRIX+RADISH
https://matrix.hepforge.org/matrix+radish.html

[Kallweit, Re, Rottoli, MW '20]

➙ N3LL resummation for singlet pT

➙ NNLL resummation for jet pT

➙ NNLL for joint singlet pT & jet pT

MATRIX+PINEAPPL
[Devoto, Kallweit, Schwan 'to appear]

➙ creation of PDF grids for PDF fits
➙ automatic PDF & αS variation

current Matrix extensions

https://matrix.hepforge.org
https://matrix.hepforge.org/matrix+radish.html
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Tutorial on the MATRIX script

MATRIX Meeting, February 5-7, 2024

Marius Wiesemann
Max-Planck-Institut für Physik
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[Kallweit, Re, Rottoli, MW '20]

General interface between MATRIX and RadISH codes:

    all processes available in MATRIX (any color-singlet process possible where 2-loop known)

    high-accuracy multi-differential resummation of various transverse observables

    matching to NNLO QCD integrated cross section

MATRIX (v1.1) [Grazzini, Kallweit, MW '17]

    NNLO QCD, phase space, perturbative ingredients (amplitudes, coefficients, ...)

RadISH [Monni, Re, and Torrielli '16], [Bizon, Monni, Re, Rottoli, Torrielli '18], [Monni, Rottoli, Torrielli '19]

     resummation formalism in direct space (not in b-space)

     numerical approach (like a semi-inclusive parton shower)

    single-differential resummation [Monni, Re, and Torrielli '16], [Bizon, Monni, Re, Rottoli, Torrielli '18]

    and double-differential resummation [Monni, Rottoli, Torrielli '19]

click here: https://matrix.hepforge.org/matrix+radish.html

MATRIX+RadISH framework

https://matrix.hepforge.org/matrix+radish.html
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[Kallweit, Re, Rottoli, MW '20]
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Figure 8. Left plot: transverse-momentum spectrum of the W+W� pair with a jet-veto re-
quirement in the fiducial-JV phase space at NLO+NLL (blue, dotted), NNLO (green, dashed),
and NNLO+NNLL (red, solid) accuracy. Right plot: same distribution comparing NNLO (green,
dashed) and NNLO+NNLL (red, solid) predictions to the NNLOPS result (blue, dotted) of ref. [83].
To facilitate the comparison, we reanalysed the NNLOPS events and we recalculated our predictions
with the NNPDF3.0 NNLO PDF set [161]. The lower frame shows the ratios of the predictions to
the central value of the NNLO+N3LL result.

curve develops a perturbative instability [162] right at pWW

T
= 35GeV, which corresponds

to the value of the jet-veto cut. This instability is caused by an incomplete cancellation
between soft contributions in the real and virtual amplitudes, and it leads to an integrable
logarithmic divergence at the threshold. Since pWW

T
= pJ

T
holds at LO, and consequently

pWW

T
< 35GeV, the pWW

T
region above the jet-veto cut is filled only by higher-order cor-

rections, and the effective perturbative accuracy is reduced by one order. This is indicated
by the widening of the uncertainty band of the NNLO prediction for pWW

T
> 35GeV, which

effectively becomes NLO accurate in that region.
The sensitivity to the perturbative instability at the threshold is largely cured by the

NNLO+NNLL result, resumming a large part of the relevant logarithms. However, a slight
sensitivity remains due to the fact that our approach resums Sudakov logarithms in the
limit where pWW

T
and pJ

T
are much smaller than the hard scale, while additional logarithmic

terms contribute when hard jets are present. Nevertheless, the large differences between the
NNLO+NNLL and NNLO results indicate the importance of resummation at the threshold.
We observe even larger resummation effects for transverse momenta below 20GeV, where
the NNLO result becomes unphysical and resummation is mandatory to retain a reliable
prediction. The resummed spectra at NLO+NLL and NNLO+NNLL are consistent with
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Figure 7: NNLO+N3LL prediction of the pT,``� spectrum (blue, solid) compared to ATLAS data
[13] (green data points). The lower frame shows the ratio to the central NNLO+N3LL prediction.

is essentially indistinguishable from the one at NNLO+N3LL. In other words, isolation e↵ects
are adopted purely from the fixed-order prediction. In fact, the small e↵ect at pT,``� . 10GeV
indicates that the resummation of those corrections should have a minor impact in that region.
Furthermore, we estimate the all-order e↵ects of including NG logarithmic contributions in the
fiducial setup using the Pythia8 [76] parton shower (PS) matched to NLO calculations in the
MC@NLO scheme [77] within MadGraph5 aMC@NLO [78]. To this end, Figure 6 (b) shows
NLO+PS results with and without pcone0.2T /pT,� < 0.07 requirement in the main frame and their
ratio in the lower frame. For comparison we show the same ratio at LO+PS and at NLO. The
e↵ects of the additional isolation are vanishingly small at LO+PS, which can be considered a lower
bound for the impact that NG logarithmic terms stemming from photon isolation have on the
all-order prediction of pT,``�. The ratios at NLO+PS and at NLO are very similar to each other,
with the matching to PS slightly reducing the e↵ects due the additional isolation requirement.
Their di↵erence can be regarded as an estimate of the size of the NG logarithmic corrections
beyond fixed order induced by the pcone0.2T /pT,� < 0.07 requirement. Since the di↵erence is very
small at low pT,``� and at most ⇠ 2% in the matching region, we neglect such e↵ect from now on.
We note that it is less straightforward to estimate the NG logarithmic contributions for the Frixione
smooth-cone isolation, which for IR safety cannot be removed. However, we have verified that by
varying the smooth-cone radius down to �0 = 0.01 the analogous di↵erence is only moderately
a↵ected and remains negligible at and below the peak of the spectrum.
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Figure 3. Fiducial cross sections (left plot) and jet-veto efficiencies (right plot) as a function of
the jet-veto cut at NLO+NLL (blue, dotted), NNLO (green, dashed), and NNLO+NNLL (red,
solid). In the left plot, we also show the fiducial cross sections measured by ATLAS [74], from
which we have subtracted the loop-induced gluon fusion contribution at LO that simply amounts
to a constant shift independent of pJ,vetoT (see text for details).

of our resummed results.14 Furthermore, we introduce two notations: fiducial-JV will be
used to refer to the full set of fiducial cuts in table 1, while fiducial-noJV denotes the
same fiducial setup, but without any restriction on the jet activity.

3.2.2 Jet-vetoed cross section

We consider the cumulative cross section in the fiducial phase space as a function of a veto
on the transverse momentum of the leading jet (pJ,veto

T
) as generically defined in eq. (2.2)

where we identify the upper bound of the integral with the jet-veto cut pJ,veto
T

, i.e.

�(pJ,veto
T

) =

Z
p
J,veto
T

0

dpJT
d�

dpJ
T

. (3.4)

The corresponding jet-veto efficiency is defined as

"(pJ,veto
T

) = �(pJ,veto
T

)/�(pJ,veto
T

! 1) , (3.5)

where �(pJ,veto
T

! 1) is the integrated cross section in the fiducial-noJV phase space.
14We have checked that the impact of neglecting the rapidity cut on jets is at the permille level for the

fiducial cross section.
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[Kallweit, Re, Rottoli, MW '20]

MATRIX+RadISH results



Tutorial on the MATRIX script
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Marius Wiesemann
Max-Planck-Institut für Physik
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...slide borrowed from Stefan Kallweit
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[Devoto, Kallweit, Schwan 'to appear]

Culinaric introduction to “MATRIX alle Hawaii”/

[Foto: https://www.istockphoto.com/de/portfolio/Grafner] [Foto: https://www.pizzaroberto.ch/pizza-hawaii-die-perfekte-kombination-aus-ananas-und-schinken]

“Toast Hawaii” “Pizza Hawaii”

$ ./matrix --hawaii ) MATRIX + PINEAPPL

Stefan Kallweit (UZH) MATRIX alle Hawaii May 9, 2024, Ringberg workshop 2024 2 / 20

MATRIX alle Hawaii
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[Devoto, Kallweit, Schwan 'to appear]

General interface between MATRIX and PineAPPL codes:

    all processes available in MATRIX (implemented in MATRIX main release, v2.1 at the moment)

    creation of NNLO PDF grids that can applied in PDF fits and to do PDF/scale variations

First applications of PINEAPPL grids in MATRIX Inclusive cross sections with uncertainties

Inclusive results with uncertainties calculated through PINEAPPL grids/

Sample application from LHCHXSWG

Reduced mass and energy scan for tt̄H
cross sections:

NNLO QCD+NLO SM
(µR = µF = mt +mH/2)

PDF recommendation:

PDF4LHC21 40

for partons,
LUXqed17 plus PDF4LHC15 nnlo 100

for photons

Â can be straightforwardly achieved
through PINEAPPL grids, together
with scale, PDF and ↵s uncertainties

(theory uncertainties calculated
directly in MATRIX)

p
s [TeV] mH [GeV] XS [fb] ± QCD Scale Unc. ± THU ± ↵s Unc. ± PDF Unc.

13 124.6 532.0 ± 3.1% ± 0.6% ± 1.7% ± 2.3%

13 125 528.4 ± 3.2% ± 0.7% ± 1.7% ± 2.3%

13 125.09 526.6 ± 3.1% ± 0.7% ± 1.7% ± 2.3%

13 125.38 522.7 ± 3.1% ± 0.7% ± 1.7% ± 2.3%

13 125.6 519.9 ± 3.1% ± 0.7% ± 1.7% ± 2.3%

13 126 515.4 ± 3.1% ± 0.7% ± 1.7% ± 2.3%

13.6 124.6 596.6 ± 3.0% ± 0.7% ± 1.6% ± 2.2%

13.6 125 589.9 ± 2.9% ± 0.7% ± 1.6% ± 2.2%

13.6 125.09 589.6 ± 3.0% ± 0.7% ± 1.6% ± 2.2%

13.6 125.38 586.2 ± 3.0% ± 0.7% ± 1.6% ± 2.2%

13.6 125.6 583.5 ± 3.0% ± 0.7% ± 1.6% ± 2.2%

13.6 126 577.9 ± 3.1% ± 0.7% ± 1.6% ± 2.2%

14 124.6 639.7 ± 2.9% ± 0.7% ± 1.6% ± 2.2%

14 125 636.1 ± 3.0% ± 0.6% ± 1.6% ± 2.2%

14 125.09 633.3 ± 2.9% ± 0.6% ± 1.6% ± 2.2%

14 125.38 632.4 ± 3.1% ± 0.6% ± 1.6% ± 2.2%

14 125.6 627.9 ± 3.0% ± 0.6% ± 1.6% ± 2.2%

14 126 621.2 ± 3.0% ± 0.7% ± 1.6% ± 2.2%

Stefan Kallweit (UZH) MATRIX alle Hawaii May 9, 2024, Ringberg workshop 2024 17 / 20

Conclusions & Outlook

Conclusions & Outlook/

MATRIX framework for NNLO QCD calculations
based on the MUNICH integrator, qT subtraction, amplitudes from
OPENLOOPS, interfaced to dedicated 2-loop amplitudes, . . .

(publicly) available processes: H, V, ��, V�, VV, ���, tt̄, . . .

NLO EW, linPCs, ggNLO QCD, . . .

PINEAPPL interpolation grids for arbitrary orders in ↵s and ↵
store MC integration information in PDF-independent grids
Â a-posteriori convolution with PDFs within seconds (or less)

Â MATRIX + PINEAPPL interface Â MATRIX alle Hawaii
all MATRIX features preserved in grid approach (rcut ! 0 extrapolation, tail-enhancements, . . . )

applicable for all processes available in MATRIX and for all provided orders in ↵s and ↵

easy to use: $ ./matrix --hawaii in compilation and switch PineAPPL = 1 in runcard

Â New MATRIX v2.2 release with PINEAPPL interface coming soon!

Stefan Kallweit (UZH) MATRIX alle Hawaii May 9, 2024, Ringberg workshop 2024 20 / 20

MATRIX alle Hawaii
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How to compile
After unpacking start MATRIX with:

$$ ./matrix 

Inside the MATRIX compilation shell

|===>> list 

lists all process IDs. Select ID, eg:

|===>> ppeeexex04 

for pp→ZZ→4ℓ.  Confirming with

|===>> y 

the MATRIX usage agreements, the 
code will automatically start to:

dowload/compile of OpenLoops

compile of Cln and Ginac

compile MATRIX

download OpenLoops amplitudes

create MATRIX run folder for the process
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Hands on !
download PDF of this session!

two options:

1. use your own laptop locally

➙ need to install LHAPDF from https://lhapdf.hepforge.org/ (including the needed PDF set)

2. use your remote ssh login (for Mac/Windoof users highly recommended)

$ ssh bndXXX@bnd01.iihe.ac.be ➙ enter password 

($ source /cvmfs/sft.cern.ch/lcg/views/setupViews.sh LCG_102 
x86_64-centos7-gcc11-opt ➙ should not be needed, check: gcc --version ➙ 11.2.0) 

https://lhapdf.hepforge.org/
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Hands on !
download & setup MATRIX from https://matrix.hepforge.org/
$ mkdir Matrix_tutorial 

$ cd Matrix_tutorial 

$ wget https://matrix.hepforge.org/download/MATRIX_v2.1.0.tar.gz 

$ tar xf MATRIX_v2.1.0.tar.gz 

$ cd MATRIX_v2.1.0/ 

https://matrix.hepforge.org/
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Hands on !
start compilation script
$ ./matrix 

task: check list of processes using 
the script and find short-cut 
for charge neutral Drell-Yan 
without decay

answer? 
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Hands on !
start compilation script
$ ./matrix 

task: check list of processes using 
the script and find short-cut 
for charge neutral Drell-Yan 
without decay

answer: the short cut for on-shell 
Z-boson production is 
ppz01
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Hands on !
start compilation script
$ ./matrix 

>>> list (or just ENTER) 
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Hands on !
start compilation script
$ ./matrix 

>>> list (or just ENTER) 
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Hands on !
start compilation script
$ ./matrix 

>>> list (or just ENTER) 
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Hands on !
start compilation script
$ ./matrix 

>>> list (or just ENTER)

>>> ppz01 
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Hands on !
start compilation script
$ ./matrix 

>>> list (or just ENTER)

>>> ppz01 

>>> y…y… 

LHAPDF missing !
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Hands on !
open MATRIX_configuration file and add 
path to LHAPDF (or lhapdf_config 
has to recognized/in $PATH variable)

$ emacs -nw config/
MATRIX_configuration 
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Hands on !
open MATRIX_configuration file and add 
path to LHAPDF (or lhapdf_config 
has to recognized/in $PATH variable)

$ emacs -nw config/
MATRIX_configuration 
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Hands on !
open MATRIX_configuration file and add 
path to LHAPDF (or lhapdf_config 
has to recognized/in $PATH variable)

$ emacs -nw config/
MATRIX_configuration 

> Ctrl-v (or arrows to scroll down)
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Hands on !
open MATRIX_configuration file and add 
path to LHAPDF (or lhapdf-config 
has to recognized/in $PATH variable)

$ emacs -nw config/
MATRIX_configuration 

> Ctrl-v (or arrows to scroll down)

> path_to_lhapdf = /var/bnd/
theo/LHAPDF-6.5.4/bin/
lhapdf-config (set)
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Hands on !
open MATRIX_configuration file and add 
path to LHAPDF (or lhapdf-config 
has to recognized/in $PATH variable)

$ emacs -nw config/
MATRIX_configuration 

> Ctrl-v (or arrows to scroll down)

> path_to_lhapdf = /var/bnd/
theo/LHAPDF-6.5.4/bin/
lhapdf-config (set)

> Ctrl-x Ctrl-s (to save)
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Hands on !
while we are at it, also set the following 
other paths to speed up compilation
> path_to_openloops = /var/
bnd/theo/OpenLoops/openloops  

> path_to_chaplin = /var/
bnd/theo/chaplin-1.2/install

> path_to_ginac = /var/bnd/
theo/ginac-1.8.7/install

> path_to_cln = /var/bnd/
theo/cln-1.3.7/install  
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Hands on !
while we are at it also set the following 
other paths to speed up compilation
> path_to_openloops = /var/
bnd/theo/OpenLoops/openloops  

> path_to_chaplin = /var/
bnd/theo/chaplin-1.2/install

> path_to_ginac = /var/bnd/
theo/ginac-1.8.7/install

> path_to_cln = /var/bnd/
theo/cln-1.3.7/install 

task: limit number of cores to 8 
(to avoid overloading)

answer? 
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Hands on !
while we are at it also set the following 
other paths to speed up compilation
> path_to_openloops = /var/
bnd/theo/OpenLoops/openloops  

> path_to_chaplin = /var/
bnd/theo/chaplin-1.2/install

> path_to_ginac = /var/bnd/
theo/ginac-1.8.7/install

> path_to_cln = /var/bnd/
theo/cln-1.3.7/install 

task: limit number of cores to 8 
(to avoid overloading)

answer: set  nr_cores = 8
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Hands on !
while we are at it also set the following 
other paths to speed up compilation
> path_to_openloops = /var/
bnd/theo/OpenLoops/openloops  

> path_to_chaplin = /var/
bnd/theo/chaplin-1.2/install

> path_to_ginac = /var/bnd/
theo/ginac-1.8.7/install

> path_to_cln = /var/bnd/
theo/cln-1.3.7/install  

> nr_cores = 8 
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Hands on !
while we are at it also set the following 
other paths to speed up compilation
> path_to_openloops = /var/
bnd/theo/OpenLoops/openloops  

> path_to_chaplin = /var/
bnd/theo/chaplin-1.2/install

> path_to_ginac = /var/bnd/
theo/ginac-1.8.7/install

> path_to_cln = /var/bnd/
theo/cln-1.3.7/install 

> nr_cores = 8 

> Ctrl-x Ctrl-s (to save)
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Hands on !
while we are at it also set the following 
other paths to speed up compilation
> path_to_openloops = /var/
bnd/theo/OpenLoops/openloops  

> path_to_chaplin = /var/
bnd/theo/chaplin-1.2/install

> path_to_ginac = /var/bnd/
theo/ginac-1.8.7/install

> path_to_cln = /var/bnd/
theo/cln-1.3.7/install 

> nr_cores = 8 

> Ctrl-x Ctrl-s (to save)

> Ctrl-x Ctrl-c (to close the file)
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Hands on !
while we are at it also set the following 
other paths to speed up compilation
> path_to_openloops = /var/
bnd/theo/OpenLoops/openloops  

> path_to_chaplin = /var/
bnd/theo/chaplin-1.2/install

> path_to_ginac = /var/bnd/
theo/ginac-1.8.7/install

> path_to_cln = /var/bnd/
theo/cln-1.3.7/install 

> nr_cores = 8 

> Ctrl-x Ctrl-s (to save)

> Ctrl-x Ctrl-c (to close the file)
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Hands on !
while we are at it also set the following 
other paths to speed up compilation
> path_to_openloops = /var/
bnd/theo/OpenLoops/openloops  

> path_to_chaplin = /var/
bnd/theo/chaplin-1.2/install

> path_to_ginac = /var/bnd/
theo/ginac-1.8.7/install

> path_to_cln = /var/bnd/
theo/cln-1.3.7/install 

> nr_cores = 8 

> Ctrl-x Ctrl-s (to save)

> Ctrl-x Ctrl-c (to close the file)

 If you have trouble, you can copy a prepared MATRIX_configuration file from:  
/var/bnd/theo/matrix/MATRIX_configuration
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Hands on !
now let’s retry the compilation of the 
ppz01 process either like before or just 
one line without needing to agree again to 
the terms
> ./matrix ppz01 --agree 
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Hands on !
now let’s retry the compilation of the 
ppz01 process either like before or just 
one line without needing to agree again to 
the terms
> ./matrix ppz01 --agree 

after couple of 
minutes ➙ success!
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Hands on !
now let’s retry the compilation of the 
ppz01 process either like before or just 
one line without needing to agree again to 
the terms
> ./matrix ppz01 --agree 

after couple of 
minutes ➙ success!

 If you have trouble finishing the compilation, you can execute a bash file with the full 
solution that does the compilation for you from here:  

/var/bnd/theo/help/solution-1-compiliation.sh



How to run MATRIX



How to run
After changing into the run directory 
we start the run script

$ ./bin/run_process 

First, choose a name for the run:

|===>> run_my_first_ZZ 

The MATRIX run shell has many 
options, eg, modify input files typing:

|===>> parameter 

|===>> model 

|===>> distribution 

Now we can start the run, type

|===>> run 

The code goes through all run phases 
and collects the results at the very 
end. Default inputs: LO with 1% 
accuracy
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How to run
After changing into the run directory 
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adjust scales
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adjust precision at LO
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turn on NLO/NNLO

run_(N)NLO = 1 

set rough run-time estimate

max_time_per_job
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How to run
After changing into the run directory 
we start the run script

$ ./bin/run_process 

First, choose a name for the run:

|===>> run_my_first_ZZ 
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How to run
After changing into the run directory 
we start the run script

$ ./bin/run_process 

First, choose a name for the run:

|===>> run_my_first_ZZ 

The MATRIX run shell has many 
options, eg, modify input files typing:

|===>> parameter 

|===>> model 

|===>> distribution 

Now we can start the run, type

|===>> run 

The code goes through all run phases 
and collects the results at the very 
end. Default inputs: LO with 1% 
accuracy

adjust scales

scale_fact = 91.1876 

scale_ren  = 91.1876 

adjust precision at LO

precision_LO = 1.e-3 

turn on NLO/NNLO

run_(N)NLO = 1 

set rough run-time estimate

max_time_per_job
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How to run
After changing into the run directory 
we start the run script

$ ./bin/run_process 

First, choose a name for the run:

|===>> run_my_first_ZZ 

The MATRIX run shell has many 
options, eg, modify input files typing:

|===>> parameter 

|===>> model 

|===>> distribution 

Now we can start the run, type

|===>> run 

The code goes through all run phases 
and collects the results at the very 
end. Default inputs: LO with 1% 
accuracy



How to run
After changing into the run directory 
we start the run script

$ ./bin/run_process 

First, choose a name for the run:

|===>> run_my_first_ZZ 

The MATRIX run shell has many 
options, eg, modify input files typing:

|===>> parameter 

|===>> model 

|===>> distribution 

Now we can start the run, type

|===>> run 

The code goes through all run phases 
and collects the results at the very 
end. Default inputs: LO with 1% 
accuracy



After changing into the run directory 
we start the run script

$ ./bin/run_process 

First, choose a name for the run:

|===>> run_my_first_ZZ 

The MATRIX run shell has many 
options, eg, modify input files typing:

|===>> parameter 

|===>> model 

|===>> distribution 

Now we can start the run, type

|===>> run 

The code goes through all run phases 
and collects the results at the very 
end. With default inputs it runs LO 
with 1% accuracy.

How to run



Running phases
The running is separated into three 
main phases, which can be accessed 
individually by typing 
"run_grid"/"run_pre"/"run_main" 
instead of "run".

Each phase requires the previous 
phases to be successfully done!

warmup ("run_grid")
generates the integration grids  needed 
for pre and main run.

runtime extrapolation ("run_pre")
short test runs to estimate runtime

prints preliminary result at the end

x-section computation ("run_main")
parallelized by runtime from pre run,  
max_time_per_job and accuracy

starts result combination+gnuplot

prints final result at the end
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Running phases
The running is separated into three 
main phases, which can be accessed 
individually by typing 
"run_grid"/"run_pre"/"run_main" 
instead of "run".

Each phase requires the previous 
phases to be successfully done!

warmup ("run_grid")
generates the integration grids needed 
for pre and main run.

runtime extrapolation ("run_pre")
short test runs to estimate runtime

prints preliminary result at the end

x-section computation ("run_main")
parallelized by runtime from pre run,  
max_time_per_job and accuracy

starts result combination+gnuplot

prints final result at the end
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Hands on !
now go to the run folder we just created 
through compilation and let’s start running
$ cd run/ppz01_MATRIX

task: start runing script & go 
through interactive shell:                   
1. give it some name              
2. check parameter.dat, 
model.dat, distribution.dat      
3. start run

hint: the on-screen output tells 
you everything you need to 
know, e.g. set default editor 
either through export or 
MATRIX_configuration
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Hands on !
now go to the run folder we just created 
through compilation and let’s start running
$ cd run/ppz01_MATRIX 
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Hands on !
now go to the run folder we just created 
through compilation and let’s start running
$ cd run/ppz01_MATRIX 

$ ./bin/run_process
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Hands on !
now go to the run folder we just created 
through compilation and let’s start running
$ cd run/ppz01_MATRIX 

$ ./bin/run_process 

> run_Z_onshell_LO (choose name)
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Hands on !
now go to the run folder we just created 
through compilation and let’s start running
$ cd run/ppz01_MATRIX 

$ ./bin/run_process 

> run_Z_onshell_LO (choose name)
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Hands on !
now go to the run folder we just created 
through compilation and let’s start running
$ cd run/ppz01_MATRIX 

$ ./bin/run_process 

> run_Z_onshell_LO (choose name)

> parameter/model/distribution 
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Hands on !
now go to the run folder we just created 
through compilation and let’s start running
$ cd run/ppz01_MATRIX 

$ ./bin/run_process 

> run_Z_onshell_LO (choose name)

> parameter/model/distribution 

> run 
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Hands on !
now go to the run folder we just created 
through compilation and let’s start running
$ cd run/ppz01_MATRIX 

$ ./bin/run_process 

> run_Z_onshell_LO (choose name)

> parameter/model/distribution 

> run 

warmup: generation of integration grids
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Hands on !
now go to the run folder we just created 
through compilation and let’s start running
$ cd run/ppz01_MATRIX 

$ ./bin/run_process 

> run_Z_onshell_LO (choose name)

> parameter/model/distribution 

> run 

warmup: generation of integration grids

pre-run: estimate of runtime (short runs)
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Hands on !
now go to the run folder we just created 
through compilation and let’s start running
$ cd run/ppz01_MATRIX 

$ ./bin/run_process 

> run_Z_onshell_LO (choose name)

> parameter/model/distribution 

> run 

warmup: generation of integration grids

pre-run: estimate of runtime (short runs)

main-run: computation of cross sections
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Hands on !
now go to the run folder we just created 
through compilation and let’s start running
$ cd run/ppz01_MATRIX 

$ ./bin/run_process 

> run_Z_onshell_LO (choose name)

> parameter/model/distribution 

> run 

warmup: generation of integration grids

pre-run: estimate of runtime (short runs)

main-run: computation of cross sections

final result: σ(pp → Z) = 49.1(1)+11.4%
−12.5% nb
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Hands on !
now go to the run folder we just created 
through compilation and let’s start running
$ cd run/ppz01_MATRIX 

$ ./bin/run_process 

> run_Z_onshell_LO (choose name)

> parameter/model/distribution 

> run 

warmup: generation of integration grids

pre-run: estimate of runtime (short runs)

main-run: computation of cross sections

final result: σ(pp → Z) = 49.1(1)+11.4%
−12.5% nb

 Again you have a solution to this task in form of a bash file that you can just 
execute (inside the MATRIX_v2.1.0/run/ppz01_MATRIX folder) from here:  

/var/bnd/theo/help/solution-2-running.sh



process folder:
${process_id}_MATRIX 

binlog default.MATRIX run_XXresultinput

run_XXrun_XXrun_XX

no need to be touched

input (*.dat) 
cards for each run:

- parameter.dat
- model.dat
- distribution.dat

failed

grid_run

main_run

pre_main_run

successful

saved_log_XX

temporary folders 
indicating status of 

current jobs gnuplot

LO-run

NNLO-run

NLO-run

input_of_run

summary

saved_result_XX

log files for each job 
separated into the 

various run phases; 
each contains also 
"failed"/"successful

if indicated in input 
previous logs are 

saved before rerun if indicated in input 
previous results are 
saved before rerun

corresponding input 

result files for ((N)N)LO run:
- total rates (within cuts)
- distributions (separate folder)
- additional combinations with    
  loop-induced component

plots (*.pdf and *.gnu files)

various summary information
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Hands on !
let’s checkout the run and the results we 
just created

task: investigate folder structure; go 
to result folder, find summary 
on-screen output, find used 
inputs, find integrated cross 
section (rates), find 
distributions, …

question: look at Z pT spectrum; 
why does it look so weird?                                  
(only first bin filled)
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Hands on !
let’s checkout the run and the results we 
just created

task: investigate folder structure; go 
to result folder, find summary 
on-screen output, find used 
inputs, find integrated cross 
section (rates), find 
distributions, …

question: look at Z pT spectrum; 
why does it look so weird?                                  
(only first bin filled)



many additional command-line options, use "-h" to show all options

   

Additional information/hidden features
./matrix -h                           ./bin/run_process -h



Additional information/hidden features
many additional command-line options, use "-h" to show all options

most useful arguments:
 --agree_to_all:      ./matrix ppz01 --agree_to_all  

                      ➙ no need to keep typing "y" for the user agreement

 --clean_process:     ./matrix ppz01 --clean_process 

                      ➙ cleans C++ compilation before recompiling (except slow 2-loop amplitude) 

   



Additional information/hidden features
many additional command-line options, use "-h" to show all options

most useful arguments:
 --run_mode ${XX}: ./bin/run_process run_xx --run_mode run_pre_and_main 

                   ➙ no need to keep typing "y" for the user agreement

 --continue:       ./bin/run_process run_xx --run_mode run_grid --continue 

                   ➙ continue run that has crashed (jobs without "final result" in execution file) 

                   ➙ or rerun part of calculation (e.g. after a fix), just delete folders to be redone: 

   



Additional information/hidden features
many additional command-line options, use "-h" to show all options

most useful arguments

use the code completely without using the shells (I suggest to use a screen or tmux session):
 ./matrix ppz01 --agree_to_all 

 ./bin/run_process run_xx --run_mode run 

alternatively run in background (not my recommendation):
 nohup ./bin/run_process run_xx --run_mode run > f.out &
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Hands on !
now let’s start playing with the inputs…

task: increase num. precision of our 
run from 1% (default) to 0.1%

tip: don’t create a new run, use 
the old run and just rerun the 
main run

tip: you can change the input file 
directly inside the folder  
input/run_XX/parameter.dat              
(or use again the interface)

tip: via run mode run_main you 
can restart just the main run 
(either inline or via interface) 
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Hands on !
now let’s start playing with the inputs…
$ emacs -nw input/
run_Z_onshell_LO/parameter.dat 
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Hands on !
now let’s start playing with the inputs…
$ emacs -nw input/
run_Z_onshell_LO/parameter.dat 

> precision_LO = 1.e-3 
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Hands on !
now let’s start playing with the inputs…
$ emacs -nw input/
run_Z_onshell_LO/parameter.dat 

> precision_LO = 1.e-3 

$ ./bin/run_process run_XX    
  --run_mode run_main 
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Hands on !
now let’s start playing with the inputs…
$ emacs -nw input/
run_Z_onshell_LO/parameter.dat 

> precision_LO = 1.e-3 

$ ./bin/run_process run_XX    
  --run_mode run_main 
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Hands on !
now let’s start playing with the inputs…
$ emacs -nw input/
run_Z_onshell_LO/parameter.dat 

> precision_LO = 1.e-3 

$ ./bin/run_process run_XX    
  --run_mode run_main 

previous result with 1% precision:
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Hands on !
now let’s start playing with the inputs…
$ emacs -nw input/
run_Z_onshell_LO/parameter.dat 

> precision_LO = 1.e-3 

$ ./bin/run_process run_XX    
  --run_mode run_main 

previous result with 1% precision:

If you did not manage to do so, you the solution to this task also here:

/var/bnd/theo/help/solution-3-running_with_higher_precision.sh 

(execute inside the MATRIX_v2.1.0/run/ppz01_MATRIX folder)
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Hands on !
now let’s start playing with the inputs…

task: start a new run where you 
turn on NLO and see how the 
number of jobs changes, 
repeat this for NNLO (also 
include NLO EW)

tip: abort run with ctrl-c      
(no point of waiting, it will take 
too long)
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Hands on !
now let’s start playing with the inputs…
$ emacs -nw input/
run_Z_onshell_LO/parameter.dat 

> run_NLO_QCD = 1 
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Hands on !
now let’s start playing with the inputs…
$ emacs -nw input/
run_Z_onshell_LO/parameter.dat 

> run_NLO_QCD = 1 

$ ./bin/run_process run_XX    
  --run_mode run 
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Hands on !
now let’s start playing with the inputs…
$ emacs -nw input/
run_Z_onshell_LO/parameter.dat 

> run_NLO_QCD = 1 

$ ./bin/run_process run_XX    
  --run_mode run 
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Hands on !
now let’s start playing with the inputs…
$ emacs -nw input/
run_Z_onshell_LO/parameter.dat 

> run_NLO_QCD = 1 

$ ./bin/run_process run_XX    
  --run_mode run 

> ctrl-c (to stop the code) 
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Hands on !
now let’s start playing with the inputs…
$ emacs -nw input/
run_Z_onshell_LO/parameter.dat 

> run_NNLO_QCD = 1 

> add_NLO_EW = 1 
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Hands on !
now let’s start playing with the inputs…
$ emacs -nw input/
run_Z_onshell_LO/parameter.dat 

> run_NNLO_QCD = 1 

> add_NLO_EW = 1 

$ ./bin/run_process run_XX    
  --run_mode run 

> ctrl-c (to stop the code) 
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Hands on !
now let’s start playing with the inputs…
$ emacs -nw input/
run_Z_onshell_LO/parameter.dat 

> run_NNLO_QCD = 1 

> add_NLO_EW = 1 

$ ./bin/run_process run_XX    
  --run_mode run 

> ctrl-c (to stop the code) 

If you did not manage to do so, you the solution to this task also here:

/var/bnd/theo/help/solution-4-running_with_higher_orders.sh 

(execute inside the MATRIX_v2.1.0/run/ppz01_MATRIX folder)
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Figure 6: Compatibility test between the different channels for the differential 3f

3H
cross-section measurements

integrated over ?T. The top panel shows the measurements with their total uncertainties (except for the uncertainty
of 1.8% in the integrated luminosity) for the three channels and their overall combination. The bottom panel shows, for
the relevant |H | bins, the relative 3f

3H
differences, �/f, in % between the 44⇠⇠ and ``⇠⇠ channels, �(44⇠⇠ � ``⇠⇠ ),

and between the 44⇠� channel and the combination of the 44⇠⇠ and ``⇠⇠ channels, �(44⇠� � ⇠⇠).

5 Results and comparisons to predictions

5.1 Compatibility between measurements

Before considering the measurement results themselves, an important step is to evaluate the compatibility
between the different channels. This is first done for 3

2
f

3?)3H
for the 44⇠⇠ versus ``⇠⇠ channels, which are

found to be compatible within their dominant statistical uncertainties in all cases, and are then combined into
overall central-central (CC) measurements. In the results presented in this paper, there are two rapidity bins
where the central-central and central-forward measurements overlap, namely in the range 1.6 < |H | < 2.4.
The 3

2
f

3?)3H
measurements from the 44⇠� channel are compared in this overlap region with those from the

CC channel. The distributions are found to be compatible within their dominant statistical uncertainties,
and all three channels are then finally combined. The overall p-value of the combined fit is 4%, while the
overall p-values of fits performed separately for each channel are found to be 11% for the 44⇠⇠ channel,
90% for the ``⇠⇠ channel and 2% for the 44⇠� channel.
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Hands on !
let’s do something more useful and 
compare to actual LHC data!

task: consider recent inclusive 
measurement at 8 TeV from 
ATLAS of Z rapidity (y) and 
transverse momentum (pT) 
distribution and calculate LO 
result with MATRIX with the 
following steps:                                   
1. change energy to 8 TeV                    
2. implement y distribution                 
3. perform LO run                           
4. compare to data from:

/var/bnd/theo/matrix/ATLAS_DY_data/
y_Z-ATLAS__data.dat https://www.hepdata.net/record/ins2698794

https://www.hepdata.net/record/ins2698794
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Figure 6: Compatibility test between the different channels for the differential 3f

3H
cross-section measurements

integrated over ?T. The top panel shows the measurements with their total uncertainties (except for the uncertainty
of 1.8% in the integrated luminosity) for the three channels and their overall combination. The bottom panel shows, for
the relevant |H | bins, the relative 3f

3H
differences, �/f, in % between the 44⇠⇠ and ``⇠⇠ channels, �(44⇠⇠ � ``⇠⇠ ),

and between the 44⇠� channel and the combination of the 44⇠⇠ and ``⇠⇠ channels, �(44⇠� � ⇠⇠).

5 Results and comparisons to predictions

5.1 Compatibility between measurements

Before considering the measurement results themselves, an important step is to evaluate the compatibility
between the different channels. This is first done for 3

2
f

3?)3H
for the 44⇠⇠ versus ``⇠⇠ channels, which are

found to be compatible within their dominant statistical uncertainties in all cases, and are then combined into
overall central-central (CC) measurements. In the results presented in this paper, there are two rapidity bins
where the central-central and central-forward measurements overlap, namely in the range 1.6 < |H | < 2.4.
The 3

2
f

3?)3H
measurements from the 44⇠� channel are compared in this overlap region with those from the

CC channel. The distributions are found to be compatible within their dominant statistical uncertainties,
and all three channels are then finally combined. The overall p-value of the combined fit is 4%, while the
overall p-values of fits performed separately for each channel are found to be 11% for the 44⇠⇠ channel,
90% for the ``⇠⇠ channel and 2% for the 44⇠� channel.
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Hands on !
let’s do something more useful and 
compare to actual LHC data!

task: consider recent inclusive 
measurement at 8 TeV from 
ATLAS of Z rapidity (y) and 
transverse momentum (pT) 
distribution and calculate LO 
result with MATRIX with the 
following steps:                                   
1. change energy to 8 TeV                    
2. implement y distribution                 
3. perform LO run                           
4. compare to data from:

/var/bnd/theo/matrix/ATLAS_DY_data/
y_Z-ATLAS__data.dat https://www.hepdata.net/record/ins2698794

or download and extract:
wget https://wwwth.mpp.mpg.de/members/wieseman/download/

lectures_and_talks/BND_Summer_School_Lecture/matrix_files.tar

https://www.hepdata.net/record/ins2698794
https://wwwth.mpp.mpg.de/members/wieseman/download/lectures_and_talks/BND_Summer_School_Lecture/matrix_files.tar
https://wwwth.mpp.mpg.de/members/wieseman/download/lectures_and_talks/BND_Summer_School_Lecture/matrix_files.tar
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Hands on !
let’s do something more useful and 
compare to actual LHC data!

task: consider recent inclusive 
measurement at 8 TeV from 
ATLAS of Z rapidity (y) and 
transverse momentum (pT) 
distribution and calculate LO 
result with MATRIX with the 
following steps:                                   
1. change energy to 8 TeV        
2. implement y distribution      
3. perform LO run                 
4. compare to data
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Hands on !
let’s do something more useful and 
compare to actual LHC data!

task: consider recent inclusive 
measurement at 8 TeV from 
ATLAS of Z rapidity (y) and 
transverse momentum (pT) 
distribution and calculate LO 
result with MATRIX with the 
following steps:                                   
1. change energy to 8 TeV        
2. implement y distribution      
3. perform LO run                 
4. compare to data
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Hands on !
let’s do something more useful and 
compare to actual LHC data!

task: consider recent inclusive 
measurement at 8 TeV from 
ATLAS of Z rapidity (y) and 
transverse momentum (pT) 
distribution and calculate LO 
result with MATRIX with the 
following steps:                                   
1. change energy to 8 TeV        
2. implement y distribution      
3. perform LO run                 
4. compare to data
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Hands on !
let’s do something more useful and 
compare to actual LHC data!

task: consider recent inclusive 
measurement at 8 TeV from 
ATLAS of Z rapidity (y) and 
transverse momentum (pT) 
distribution and calculate LO 
result with MATRIX with the 
following steps:                                   
1. change energy to 8 TeV        
2. implement y distribution      
3. perform LO run                 
4. compare to data

If you did not manage to do so, you the solution to this task also here:

/var/bnd/theo/help/solution-5-comparison_to_ATLAS_data.sh 

(execute inside the MATRIX_v2.1.0/run/ppz01_MATRIX folder)
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Hands on !
let’s do something more useful and 
compare to actual LHC data!

task: consider recent inclusive 
measurement at 8 TeV from 
ATLAS of Z rapidity (y) and 
transverse momentum (pT) 
distribution and calculate LO 
result with MATRIX with the 
following steps:                                   
1. change energy to 8 TeV        
2. implement y distribution      
3. perform LO run                 
4. compare to data
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Hands on !
let’s do something more useful and 
compare to actual LHC data!

task: consider recent inclusive 
measurement at 8 TeV from 
ATLAS of Z rapidity (y) and 
transverse momentum (pT) 
distribution and calculate LO 
result with MATRIX with the 
following steps:                                   
1. change energy to 8 TeV        
2. implement y distribution      
3. perform LO run                 
4. compare to data
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Hands on !
let’s do something more useful and 
compare to actual LHC data!

task: consider recent inclusive 
measurement at 8 TeV from 
ATLAS of Z rapidity (y) and 
transverse momentum (pT) 
distribution and calculate LO 
result with MATRIX with the 
following steps:                                   
1. change energy to 8 TeV        
2. implement y distribution      
3. perform LO run                 
4. compare to data
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Hands on !
let’s do something more useful and 
compare to actual LHC data!

task: consider recent inclusive 
measurement at 8 TeV from 
ATLAS of Z rapidity (y) and 
transverse momentum (pT) 
distribution and calculate LO 
result with MATRIX with the 
following steps:                                   
1. change energy to 8 TeV        
2. implement y distribution      
3. perform LO run                 
4. compare to data
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Hands on !
let’s do something more useful and 
compare to actual LHC data!

task: consider recent inclusive 
measurement at 8 TeV from 
ATLAS of Z rapidity (y) and 
transverse momentum (pT) 
distribution and calculate LO 
result with MATRIX with the 
following steps:                                   
1. change energy to 8 TeV        
2. implement y distribution      
3. perform LO run                 
4. compare to data

ATLAS data
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Hands on !
let’s do something more useful and 
compare to actual LHC data!

task: consider recent inclusive 
measurement from ATLAS of 
rapidity and transverse 
momentum spectra of a Z 
bosons at 8 TeV and calculated 
distributions at LO with 
MATRIX with the following 
steps:                                   
1. change energy to 8 TeV        
2. implement y distribution      
3. perform LO run                 
4. compare to data

first bin ( ):

LO:                  

data:     

0 ≤ |yZ | ≤ 0.4
σLO(pp → Z) = 9568545 fb

σATLAS(pp → ℓ+ℓ−) = 357.152 pb

ATLAS data
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Hands on !
let’s do something more useful and 
compare to actual LHC data!

task: consider recent inclusive 
measurement from ATLAS of 
rapidity and transverse 
momentum spectra of a Z 
bosons at 8 TeV and calculated 
distributions at LO with 
MATRIX with the following 
steps:                                   
1. change energy to 8 TeV        
2. implement y distribution      
3. perform LO run                 
4. compare to data

ATLAS data

first bin ( ):

LO:                  

data:     

0 ≤ |yZ | ≤ 0.4
σLO(pp → Z) = 9568.54 pb

σATLAS(pp → ℓ+ℓ−) = 357.152 pb
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Hands on !
let’s do something more useful and 
compare to actual LHC data!

task: consider recent inclusive 
measurement from ATLAS of 
rapidity and transverse 
momentum spectra of a Z 
bosons at 8 TeV and calculated 
distributions at LO with 
MATRIX with the following 
steps:                                   
1. change energy to 8 TeV        
2. implement y distribution      
3. perform LO run                 
4. compare to data

first bin ( ):

LO:                  

data:     

0 ≤ |yZ | ≤ 0.4
σLO(pp → Z) = 9568.54 pb

σATLAS(pp → ℓ+ℓ−) = 357.152 pb

ATLAS data BR(Z → ℓ+ℓ−) ≃ 3.36 %
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Hands on !
let’s do something more useful and 
compare to actual LHC data!

task: consider recent inclusive 
measurement from ATLAS of 
rapidity and transverse 
momentum spectra of a Z 
bosons at 8 TeV and calculated 
distributions at LO with 
MATRIX with the following 
steps:                                   
1. change energy to 8 TeV        
2. implement y distribution      
3. perform LO run                 
4. compare to data

first bin ( ):

LO:    

data:     

0 ≤ |yZ | ≤ 0.4
σLO(pp → Z → ℓ+ℓ−) = 321.503 pb

σATLAS(pp → ℓ+ℓ−) = 357.152 pb

ATLAS data BR(Z → ℓ+ℓ−) ≃ 3.36 %
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Hands on !
let’s do something more useful and 
compare to actual LHC data!

task: consider recent inclusive 
measurement from ATLAS of 
rapidity and transverse 
momentum spectra of a Z 
bosons at 8 TeV and calculated 
distributions at LO with 
MATRIX with the following 
steps:                                   
1. change energy to 8 TeV        
2. implement y distribution      
3. perform LO run                 
4. compare to data

first bin ( ):

LO:    

data:     

0 ≤ |yZ | ≤ 0.4
σLO(pp → Z → ℓ+ℓ−) = 321 pb

σATLAS(pp → ℓ+ℓ−) = 357 pb

ATLAS data BR(Z → ℓ+ℓ−) ≃ 3.36 %

+11 %
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NNLO Comparison to LHC data
task: Check out the prepared NNLO run inside                                                                              

/var/bnd/theo/matrix/ppz01_MATRIX                            
Does the NNLO QCD on-shell Z rapidity distribution compare well with 
data? And if not, why can you imagine why not?                                         
Check instead the prepared off-shell Z production NNLO run inside          
/var/bnd/theo/matrix/ppeex02_MATRIX                                         
Does it compare better or worse to data? What is the main difference?

hint: Compare the input files of the two runs to find the difference.

(reminder, the data is here: /var/bnd/theo/matrix/ATLAS_DY_data ) 

or download and extract:
wget https://wwwth.mpp.mpg.de/members/wieseman/download/

lectures_and_talks/BND_Summer_School_Lecture/matrix_files.tar

https://wwwth.mpp.mpg.de/members/wieseman/download/lectures_and_talks/BND_Summer_School_Lecture/matrix_files.tar
https://wwwth.mpp.mpg.de/members/wieseman/download/lectures_and_talks/BND_Summer_School_Lecture/matrix_files.tar
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NNLO Comparison to LHC data

answer: The on-shell Z (times BR) rapidity distribution at NNLO is ~5% above the 
data. The NNLO off-shell result agrees within a few permille with the data. 
The reason is the  mass window cut, which removes 
~5% of the cross section. The on-shell process is inclusive over the lepton 
momenta (by construction), missing this effect. 

80 ≤ mℓ+ℓ− ≤ 100

task: Check out the prepared NNLO run inside                                                                              
/var/bnd/theo/matrix/ppz01_MATRIX                            
Does the NNLO QCD on-shell Z rapidity distribution compare well with 
data? And if not, why can you imagine why not?                                         
Check instead the prepared off-shell Z production NNLO run inside          
/var/bnd/theo/matrix/ppeex02_MATRIX                                         
Does it compare better or worse to data? What is the main difference?

hint: Compare the input files of the two runs to find the difference.
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NNLO Comparison to LHC data
dσ/d|yℓℓ| [fb] pp→Z→ℓ+ℓ−@LHC 8 TeV

LO x BR(Z→ℓ+ℓ−)
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NNLO Comparison to LHC data
dσ/d|yℓℓ| [fb] pp→Z→ℓ+ℓ−@LHC 8 TeV
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NNLO Comparison to LHC data

dσ/dpT,ℓℓ [pb/GeV] pp→ℓ+ℓ−@LHC 8 TeV
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NNLO Comparison to LHC data
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Figure 16: Comparison between the measured normalised differential 1
f

3f

3?)
cross-sections, integrated over |H | < 1.6,

with their total uncertainties and the predictions from the various resummation calculations. The top left panel shows
the data, while the next panels show one by one the ratios between each prediction with its uncertainties as obtained
from renormalisation/factorisation/resummation scale variations and the data. Except for Artemide, the predictions
are matched to the fixed-order O(U3

B
) contributions from MCFM [48, 55].
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the data, while the next panels show one by one the ratios between each prediction with its uncertainties as obtained
from renormalisation/factorisation/resummation scale variations and the data. Except for Artemide, the predictions
are matched to the fixed-order O(U3

B
) contributions from MCFM [48, 55].
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Diphoton Production
task: Compile diphoton production. Look at the input files of diphoton and Drell-

Yan production. Do you notice any important difference?

hint: It has to do with the photons in the final state for diphoton production.

tip: Instead of compiling (which may take some time) you can compare the input 
files directly inside here (process shortcut you need to figure out):                                                             
run/input_files/${process}/default.input.MATRIX/
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Diphoton Production
task: Compile diphoton production. Look at the input files of diphoton and Drell-

Yan production. Do you notice any important difference?

hint: It has to do with the photons in the final state for diphoton production.
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Diphoton Production
task: Compile diphoton production. Look at the input files of diphoton and Drell-

Yan production. Do you notice any important difference?

hint: It has to do with the photons in the final state for diphoton production.

answer: Photons in the final state need to be isolated in an infrared-safe way. 
Otherwise, you need to include non-perturbative fragmentation functions, 
which most calculations/codes (including MATRIX) do not provide.  An 
infared-safe approach that completely kills the fragmentation component is 
Frixione’s smooth-cone isolation.

δ

δ0
Isolate photon ("throw away" all hadron/partons) when for given cone (radius ) around 
photon, for every cone  the entire hadronic/partonic transverse energy inside is smaller 
than a reference energy scale that smoothly decreases with .

δ0
δ < δ0

δ

∑
had/part∈δ

Ehad/part
T ≤ Emax

T (δ) = Eref
T ⋅ (1 − cos |δ

1 − cosδ0 )
n

, ∀δ ≤ δ0, Eref
T = ϵγ pγ

T or Eref
T = p0

T
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Diphoton Production
task: Look at prepared NNLO runs in folders for diphoton and Drell-Yan 

production (see below). Look at the dependence of the cross section on the 
qT-subtraction cutoff  of the two processes. What do you notice? What 
causes this behaviour? 

hint: It has to do with what we just discussed.

tip: Instead of looking at/plotting the whole  dependence, look at NNLO cross 
section in the summary of the two processes. Do you notice a difference in 
the results between the two processes at a fixed  compared to the 

 extrapolation? What happens to the numerical/systematical error?

rcut

rcut

rcut
rcut → 0

/var/bnd/theo/matrix/ppaa02_MATRIX/run_matrix_tutoral_diphoton/result/
result..MATRIX.NNLO.result/dynamic-scale-1/7-point/band.qTcut.NNLO.QCD__NNLORUN.datdiphoton:

/var/bnd/theo/matrix/ppz01_MATRIX/run_matrix_tutorial_8TeV_on-shell_Z_ATLAS/result/
result..MATRIX.NNLO.result/fixed-scale/complete/band.qTcut.NNLO.QCD__NNLORUN.datDrell-Yan:
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/var/bnd/theo/matrix/ppaa02_MATRIX/run_matrix_tutoral_diphoton/result/
result..MATRIX.NNLO.result/dynamic-scale-1/7-point/band.qTcut.NNLO.QCD__NNLORUN.dat

/var/bnd/theo/matrix/ppz01_MATRIX/run_matrix_tutorial_8TeV_on-shell_Z_ATLAS/result/
result..MATRIX.NNLO.result/fixed-scale/complete/band.qTcut.NNLO.QCD__NNLORUN.dat
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Diphoton Production
task: Look at prepared NNLO runs in folders for diphoton and Drell-Yan 

production (see below). Look at the dependence of the cross section on the 
qT-subtraction cutoff  of the two processes. What do you notice? What 
causes this behaviour? 

hint: It has to do with what we just discussed.

tip: Instead of looking at/plotting the whole  dependence, look at NNLO cross 
section in the summary of the two processes. Do you notice a difference in 
the results between the two processes at a fixed  compared to the 

 extrapolation? What happens to the numerical/systematical error?

rcut

rcut

rcut
rcut → 0

diphoton:

Drell-Yan:

Drell-Yan

… … …
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/var/bnd/theo/matrix/ppaa02_MATRIX/run_matrix_tutoral_diphoton/result/
result..MATRIX.NNLO.result/dynamic-scale-1/7-point/band.qTcut.NNLO.QCD__NNLORUN.dat

/var/bnd/theo/matrix/ppz01_MATRIX/run_matrix_tutorial_8TeV_on-shell_Z_ATLAS/result/
result..MATRIX.NNLO.result/fixed-scale/complete/band.qTcut.NNLO.QCD__NNLORUN.dat
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Diphoton Production
task: Look at prepared NNLO runs in folders for diphoton and Drell-Yan 

production (see below). Look at the dependence of the cross section on the 
qT-subtraction cutoff  of the two processes. What do you notice? What 
causes this behaviour? 

hint: It has to do with what we just discussed.

tip: Instead of looking at/plotting the whole  dependence, look at NNLO cross 
section in the summary of the two processes. Do you notice a difference in 
the results between the two processes at a fixed  compared to the 

 extrapolation? What happens to the numerical/systematical error?

rcut

rcut

rcut
rcut → 0

diphoton:

Drell-Yan:

Drell-Yan

… … …

extremely 
stable, 

variation 
at sub-
permille 

level

0.01 %
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/var/bnd/theo/matrix/ppaa02_MATRIX/run_matrix_tutoral_diphoton/result/
result..MATRIX.NNLO.result/dynamic-scale-1/7-point/band.qTcut.NNLO.QCD__NNLORUN.dat

/var/bnd/theo/matrix/ppz01_MATRIX/run_matrix_tutorial_8TeV_on-shell_Z_ATLAS/result/
result..MATRIX.NNLO.result/fixed-scale/complete/band.qTcut.NNLO.QCD__NNLORUN.dat

135

Diphoton Production
task: Look at prepared NNLO runs in folders for diphoton and Drell-Yan 

production. … Look at the dependence of the cross section on the qT-
subtraction cutoff  of the two processes. What do you notice? What 
causes this behaviour? 

hint: It has to do with what we just discussed.

tip: Instead of looking at/plotting the whole  dependence, look at NNLO cross 
section in the summary of the two processes. Do you notice a difference in 
the results between the two processes at a fixed  compared to the 

 extrapolation? What happens to the numerical/systematical error?

rcut

rcut

rcut
rcut → 0

diphoton:

Drell-Yan:

… … …

diphotonDrell-Yan

… … …

extremely 
stable; 

variation 
at sub-
permille 

level

0.01 %
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/var/bnd/theo/matrix/ppaa02_MATRIX/run_matrix_tutoral_diphoton/result/
result..MATRIX.NNLO.result/dynamic-scale-1/7-point/band.qTcut.NNLO.QCD__NNLORUN.dat

/var/bnd/theo/matrix/ppz01_MATRIX/run_matrix_tutorial_8TeV_on-shell_Z_ATLAS/result/
result..MATRIX.NNLO.result/fixed-scale/complete/band.qTcut.NNLO.QCD__NNLORUN.dat
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Diphoton Production
task: Look at prepared NNLO runs in folders for diphoton and Drell-Yan 

production. … Look at the dependence of the cross section on the qT-
subtraction cutoff  of the two processes. What do you notice? What 
causes this behaviour? 

hint: It has to do with what we just discussed.

tip: Instead of looking at/plotting the whole  dependence, look at NNLO cross 
section in the summary of the two processes. Do you notice a difference in 
the results between the two processes at a fixed  compared to the 

 extrapolation? What happens to the numerical/systematical error?

rcut

rcut

rcut
rcut → 0

diphoton:

Drell-Yan:

… … …

diphotonDrell-Yan

… … …

extremely 
stable; 

variation 
at sub-
permille 

level

large  
dependence; 
variation at 

percent  
level

rcut

3.4 %0.01 %
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Diphoton Production
task: Look at prepared NNLO runs in folders for diphoton and Drell-Yan 

production (see below). Look at the dependence of the cross section on the 
qT-subtraction cutoff  of the two processes. What do you notice? What 
causes this behaviour?  

hint: It has to do with what we just discussed.

rcut

answer: Photon isolation causes the 
power corrections to turn linear 
instead of the usual quadratic 
behaviour. This substantially 
worsens the convergence and 
induces larger systematic 
uncertainties (see large num./syst. 
error of diphoton cross section).
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Figure 2: Dependence of the NNLO cross sections on the qT -subtraction cut, rcut, for various
processes. The normalization is the result extrapolated to rcut = 0 by taking into account the
rcut dependence above rcut � 0.15 (default value). The blue bands is the combined numerical
and extrapolation uncertainty estimated by Matrix in every run.
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MATRIX_v1.0.0/config/Matrix_configuration 
handles configuration, like:  mode to choose local/cluster running,
                                        cluster_name to choose cluster (LSF, slurm, ...)
(soft link in each ${process_id}_MATRIX/input/Matrix_configuration)

Go and run the code on some cluster!





Thank You !



Back Up
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rcut→0 extrapolation in MATRIX
[Grazzini,  Kallweit,  MW '17]

d�X

NNLO
=


d�X+jet

NLO

���
r > rcut

� ⌃NNLO(rcut)⌦ d�B

�
+HNNLO ⌦ d�B

σqT

NNLO(r)

σ/σNNLO − 1[%] pp → e−e+ @ 13 TeV

rcut[%]
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[Gehrmann, Gehrmann-De Ridder, Glover, Huss et al.]

Drell-Yan (off-shell Z)

[Alekhin, Kardos, Moch, Trócsányi '21]

ATLAS (7 TeV, 4.6 fb
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)
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FIG. 8: Compilation of the NNLO theory predictions of Figs. 5–7. Only the results with the smallest
slicing cuts are plotted: MATRIX with rcut = 0.15% for W±! l±⌫ and rcut = 0.05% for Z! l+l� production;
MCFM with ⌧cut = 4 ·10�4.

forward Z/�⇤-production. In the first bins of the latter the deviations grow up to O(20%). As
discussed, MCFM uses N-jettiness subtraction and allows for di↵erent ⌧cut choices for the jettiness
slicing parameter. We use the default value, ⌧cut = 6 · 10�3 and two smaller ones, ⌧cut = 1 · 10�3

and ⌧cut = 4 · 10�4, the limitation being here the goal to reach an integration accuracy of a few
units in 10�4 in reasonable time 9 with given computational resources. The decreasing values of
⌧cut display the expected trend clearly in Fig. 7, namely, the smaller the choice of ⌧cut, the closer
the MCFM result to that by FEWZ. Nevertheless, the di↵erences remain. In order to compare those
di↵erences easier, we collect the best prediction for each code at NNLO in a single figure in Fig. 8.

Given the level of agreement among the predictions at NLO accuracy, the deviations observed
in Figs. 5–7 need to be put into perspective by looking at the size of the pure NNLO corrections
alone, which we define bin-by-bin through the deviation of the NNLO K-factor from one, �NNLO =
(�NNLO/�NLO � 1). Typically pure NNLO corrections �NNLO are rather small, and we illustrate
those only in the case of largest corrections. For W+-production �NNLO amounts to a few per mill
for ⌘l . 1 and grows to O(1� 2%) for larger rapidities ⌘l & 1, while instead for W�-production
�NNLO is of the size O(1%) for ⌘l . 1 and increases to a few per cent for larger rapidities. For
the central Z/�⇤-production the NNLO corrections �NNLO are only a few per mill for ⌘ll . 1.5
and grow to O(2� 3%) for larger di-lepton rapidities. Thus, the observed di↵erences between
considered codes are actually similar in size to that of the pure NNLO corrections, even exceeding
them at times. The case of forward Z/�⇤-production features larger higher order corrections and
will be discussed in detail next. The comparable size of the NNLO corrections and di↵erences

9 The required CPU times for the MCFM runs with ⌧cut = 4 ·10�4 were roughly 180.000 hrs for W±-boson, 160.000 hrs
for central and approximately 50.000 hrs for forward Z-boson production.

9
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rcut→0 extrapolation in MATRIX
[Grazzini,  Kallweit,  MW '17]
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FIG. 5: The pulls for the ATLAS data measured in inclusive pp!W±+X! l±⌫+X and pp! Z/�⇤+X!
l+l� +X production at

p
s = 7 TeV [6] with the statistical (inner bar) and the total uncertainties, including

the systematic ones. The fiducial cuts on the decay leptons in the final state are indicated in the figure. The
ABMP16 central predictions at NNLO are obtained with FEWZ and the deviations of the predictions from
DYNNLO are shown (dashed) for comparison.
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FIG. 6: Same as Fig. 5 using predictions by the MATRIX code with di↵erent values for the qT -slicing cut:
rmin

cut = 0.15% (dashed) and rmin
cut = 0.05% (dashed-dotted).

7

[Alekhin, Kardos, Moch, Trócsányi '21]
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rcut→0 extrapolation in MATRIX
[Grazzini,  Kallweit,  MW '17]

[Gehrmann, Gehrmann-De Ridder, Glover, Huss et al.]
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where ⇥cuts(�) collects the fiducial cuts on the phase
space �, and �rec

F ⌘ �rec

F (�F , r
0) is the phase space

where a recoil prescription has been applied. The
technical parameter ✏ can be pushed to arbitrary low
values ✏ > 0 since the integral is finite and the cancel-
lation between the two terms is local in r

0. Thus, no
large numerical cancellations appear after the integra-
tion, at variance with Eq. (1). The origin of the correc-
tion in Eq. (2) can be understood as follows: The first
term provides an approximation of the F+jet cross
section below the cuto↵, including all singular terms in
qT and the linPCs, while the second term is the usual
subtraction term removing all singularthat removes allll

the singular contributions. Hence, what remains in
their di↵erence are the linPCs below rcut, which can
be directly added to Eq. (1) in order to correct the qT -
subtraction formula for linPCs. Note that Eq. (2) can
also be derived directly from expanding the formula
for the fixed-order matching of qT -resummation with
recoil prescription.

The contribution in Eq. (2) can be straightforwardly
added to any numerical code that contains an imple-
mentation of the qT -subtraction formalism.1 We have
implemented this contribution in the Matrix frame-
work [4] by using a boost from the Collins–Soper rest
frame of the colour singlet system [42] to the labora-
tory frame where it has transverse momentum equal
to qT [31, 32].2 We have then studied the e↵ect of
adding this contribution for various setups that suf-
fer from linPCs. In particular, we have focussed on
Drell–Yan production with symmetric and asymmet-
ric cuts, which proceeds through s-channel diagrams
at Born level, and on on-shell ZZ production, where
symmetric cuts are applied on the transverse momenta
of the two Z bosons. Although the fiducial region in
ZZ production is usually defined through cuts on the
decay products of the two Z bosons, in which case no
linear behaviour is observed [4], it is interesting to con-
sider a process which at Born level proceeds through
t-channel diagrams. For that case a formal proof of
the all-order resummation of linPCs along the lines
of Ref. [21] is less straightforward. However, as we
will see, resorting to a recoil prescription allows us
to include them since the procedure accounts for the
phase-space e↵ects responsible for the appearance of
the linPCs.ll

We now turn to discussing the numerical e↵ects of
including the linPCs via Eq. (2) in Matrix predic-

1
In principle it can also be useful in the context of NNLO-

matched predictions that include a qT -slicing cuto↵ [40, 41].
2
We have also considered other choices of boosts which yield

similaralmost undistiguishable results, in agreement with the

observations made in Ref. [21].,the e↵ect being O(r2cut).

tions. Unless stated otherwise, we consider
p
s =

13TeV proton–proton collisions at the LHC and use
the PDF set NNPDF31 nnlo as 0118 [43] as well as
renormalization and factorization scales µR = µF =
mZ . We start by considering the neutral-current
Drell–Yan production process with symmetric cuts
on the leptons, requiring a transverse momentum of
pT,` > 27GeV and a rapidity of |y`| < 2.5 for the lep-
tons as well as a 66GeV < m`` < 116GeV invariant-
mass window for the lepton pair. Figure 1 shows the
fiducial cross section at next-to-leading order (NLO)
in QCD as a function of the qT -slicing cuto↵ rcut, nor-
malized to the rcut-independent reference cross sec-
tion at NLO QCD that is obtained with Catani–
Seymour (CS) subtraction [44] in Matrix, shown in
blue. The result without linPCs is given in green and
that including the linPCs via Eq. (2) in orange, where
the vertical error bars reflect the statistical errors for
each individual rcut value. The horizontal lines corre-
spond to the rcut ! 0 extrapolation of the respective
cross sections, using their rcut dependence down to
rcut = 0.01% by means of the extrapolation procedure
described in Ref. [4], and the corresponding bands in-
clude both numerical and extrapolation uncertainties.

First of all, the extrapolated results in either case
are fully consistent with the reference CS prediction.
However, it is quite remarkable how much the rcut de-
pendence of the cross section reduces once linPCs are
included. Indeed, Figure 1 clearly shows that, in case
of symmetric cuts on the leptons, the cross section
features a linear dependence on the cuto↵ rcut, and
that this linear dependence is turned into quadratic
(at worst) as soon as the linPCs are included. This ob-
servation confirms that linPCs are captured through
recoil e↵ects as implemented in Eq. (2). We would
like to stress that the remaining e↵ects after includ-
ing the linPCs are well below one permille of the NLO
QCD cross section. While the extrapolated results
with and without linPCs are compatible with each
other and the reference result, the substantial stabili-
sation of the rcut dependence in the case with linPCs is
an important advancement. Within numerical uncer-
tainties essentially any fixed rcut value in the plotted
range would yield a viable prediction of the cross sec-
tion such that also comparably high fixed rcut values
would provide accurate results. Using a higher rcut

value renders the numerical integration much more
e�cient since the large cancellations between F+jet
cross section and counterterm in Eq. (1) are signifi-
cantly reduced. ll

Moreover, the rcut ! 0 extrapolation becomes less
important when linPCs are included, which, as we will
see below, is particularly useful for distributions, for
which an automated bin-wise extrapolation is still not
supported in the public version of the Matrix code
Moreover, the rcut ! 0 extrapolation is fully compat-

[Buonocore, Kallweit, Rottolli, MW '21]

based on observation: linPCs described by recoil [Ebert, Michel, Stewart, Tackmann '21]
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Figure 1: Dependence of the NLO QCD Drell–Yan cross
section, calculated in the qT-subtraction method with (or-
ange) and without (green) linPCs, on the cuto↵ rcut, nor-
malized to the reference CS result (blue) and with sta-
tistical errors. The horizontal lines show the respective
rcut ! 0 extrapolations, with their combined numerical
and extrapolation uncertainties depicted as bands.

ible with the results obtained with a finite value of
rcut in all the range considered in the plot. Whilst the
extrapolated result (and its error) provides a more ro-
bust prediction than those obtained with finite values
of rcut, the consistency of the results across rcut when
linPCs are included is particularly useful for distribu-
tions, for which an automated bin-wise extrapolation
is supported only from version 2.1 of theMatrix code
(although already used before [45–52]).ll

While the NLO QCD results presented so far are
instructive to study the e↵ects of linPCs in compari-
son to a reference prediction, the inclusion of linPCs
in the qT -slicing cuto↵ becomes much more relevant
at next-to-NLO (NNLO) in QCD perturbation the-
ory. The evaluation of the O(↵2

s) coe�cient in Ma-
trix relies entirely on the qT -subtraction method, and
no rcut-independent NNLO QCD cross section can be
computed with the code. In Figure 2 we study the
rcut dependence of the NNLO QCD coe�cient for dif-
ferent partonic channels, normalized to the respective
rcut ! 0 results with linPCs. The symbols for the
partonic channels (qq̄, qg, gg, q(q̄)q0) are defined as
usually, i.e. symmetrically with respect to the beam
directions: gg for the gluon–gluon channel, qg includ-
ing all (anti-)quark–gluon channels, qq̄ referring to the
diagonal quark–(anti-)quark channels present already
at leading order, and q(q̄)q0 collecting all remaining
(anti-)quark–(anti-)quark channels such that the four
categories sum up to the full result.

In Figure 2 we observe that the NNLO QCD co-
e�cient features an analogous reduction in the rcut

dependence when accounting for linPCs by includ-
ing the contribution of Eq. (2). We note that start-
ing from NNLO QCD the linear scaling can be en-
hanced by additional logarithms in rcut (i.e. terms
of order rcut ln

k(rcut), k 2 [1, 2]), as can be seen
from the figures. Like at NLO QCD the extrapolated
rcut ! 0 results are fully compatible, but the cross
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Figure 2: Dependence of the NNLO QCD Drell–Yan co-
e�cient on rcut for each partonic channel with (orange)
and without (green) linPCs, normalized to the rcut ! 0 re-
sult with linPCs. The horizontal lines show the respective
rcut ! 0 extrapolations. Errors indicated as in Figure 1.

section with linPCs exhibits a considerably reduced
rcut dependence with the advantages discussed above.
In Fig.3 we compare the NNLO correction in di↵erent
partonic channels with the NNLOjet results [38, 53],
which are obtained with the rcut–independent An-
tenna subtraction method [54–56]. We use the same
setup as discussed above, but we now take µF = µR =p

m
2

`` + q
2

T . We observe a very good agreement, down
to the O(1%) level of the NNLO coe�cient, in all the
partonic channels. ll

llWe continue with the discussion of di↵erential dis-
tributions within the fiducial phase-space selection.
Figure 4 shows the rapidity distribution of the pos-
itively charged lepton (y`+) at NLO QCD (left) and
at NNLO QCD (right) in the main panel. Results for
the fixed values rcut = 1% (dotted) and rcut = 0.15%
(dashed) with their statistical uncertainties indicated
by error bars are shown with (orange) and without
(green) linPCs in the upper and lower ratio panels,
respectively. The extrapolated rcut ! 0 results with
(orange) and without (green) linPCs with their com-
bined numerical and extrapolation uncertainties indi-
cated by bands are depicted in both ratio panels. At
NLO QCD all curves in the two ratio panels are nor-
malized to the reference rcut-independent CS result
(blue), while at NNLO QCD all curves in the upper
(lower) ratio panel are normalized to the extrapolated
result without (with) linPCs.
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where ⇥cuts(�) collects the fiducial cuts on the phase
space �, and �rec

F ⌘ �rec

F (�F , r
0) is the phase space

where a recoil prescription has been applied. The
technical parameter ✏ can be pushed to arbitrary low
values ✏ > 0 since the integral is finite and the cancel-
lation between the two terms is local in r

0. Thus, no
large numerical cancellations appear after the integra-
tion, at variance with Eq. (1). The origin of the correc-
tion in Eq. (2) can be understood as follows: The first
term provides an approximation of the F+jet cross
section below the cuto↵, including all singular terms in
qT and the linPCs, while the second term is the usual
subtraction term removing all singularthat removes allll

the singular contributions. Hence, what remains in
their di↵erence are the linPCs below rcut, which can
be directly added to Eq. (1) in order to correct the qT -
subtraction formula for linPCs. Note that Eq. (2) can
also be derived directly from expanding the formula
for the fixed-order matching of qT -resummation with
recoil prescription.

The contribution in Eq. (2) can be straightforwardly
added to any numerical code that contains an imple-
mentation of the qT -subtraction formalism.1 We have
implemented this contribution in the Matrix frame-
work [4] by using a boost from the Collins–Soper rest
frame of the colour singlet system [42] to the labora-
tory frame where it has transverse momentum equal
to qT [31, 32].2 We have then studied the e↵ect of
adding this contribution for various setups that suf-
fer from linPCs. In particular, we have focussed on
Drell–Yan production with symmetric and asymmet-
ric cuts, which proceeds through s-channel diagrams
at Born level, and on on-shell ZZ production, where
symmetric cuts are applied on the transverse momenta
of the two Z bosons. Although the fiducial region in
ZZ production is usually defined through cuts on the
decay products of the two Z bosons, in which case no
linear behaviour is observed [4], it is interesting to con-
sider a process which at Born level proceeds through
t-channel diagrams. For that case a formal proof of
the all-order resummation of linPCs along the lines
of Ref. [21] is less straightforward. However, as we
will see, resorting to a recoil prescription allows us
to include them since the procedure accounts for the
phase-space e↵ects responsible for the appearance of
the linPCs.ll

We now turn to discussing the numerical e↵ects of
including the linPCs via Eq. (2) in Matrix predic-

1
In principle it can also be useful in the context of NNLO-

matched predictions that include a qT -slicing cuto↵ [40, 41].
2
We have also considered other choices of boosts which yield

similaralmost undistiguishable results, in agreement with the

observations made in Ref. [21].,the e↵ect being O(r2cut).

tions. Unless stated otherwise, we consider
p
s =

13TeV proton–proton collisions at the LHC and use
the PDF set NNPDF31 nnlo as 0118 [43] as well as
renormalization and factorization scales µR = µF =
mZ . We start by considering the neutral-current
Drell–Yan production process with symmetric cuts
on the leptons, requiring a transverse momentum of
pT,` > 27GeV and a rapidity of |y`| < 2.5 for the lep-
tons as well as a 66GeV < m`` < 116GeV invariant-
mass window for the lepton pair. Figure 1 shows the
fiducial cross section at next-to-leading order (NLO)
in QCD as a function of the qT -slicing cuto↵ rcut, nor-
malized to the rcut-independent reference cross sec-
tion at NLO QCD that is obtained with Catani–
Seymour (CS) subtraction [44] in Matrix, shown in
blue. The result without linPCs is given in green and
that including the linPCs via Eq. (2) in orange, where
the vertical error bars reflect the statistical errors for
each individual rcut value. The horizontal lines corre-
spond to the rcut ! 0 extrapolation of the respective
cross sections, using their rcut dependence down to
rcut = 0.01% by means of the extrapolation procedure
described in Ref. [4], and the corresponding bands in-
clude both numerical and extrapolation uncertainties.

First of all, the extrapolated results in either case
are fully consistent with the reference CS prediction.
However, it is quite remarkable how much the rcut de-
pendence of the cross section reduces once linPCs are
included. Indeed, Figure 1 clearly shows that, in case
of symmetric cuts on the leptons, the cross section
features a linear dependence on the cuto↵ rcut, and
that this linear dependence is turned into quadratic
(at worst) as soon as the linPCs are included. This ob-
servation confirms that linPCs are captured through
recoil e↵ects as implemented in Eq. (2). We would
like to stress that the remaining e↵ects after includ-
ing the linPCs are well below one permille of the NLO
QCD cross section. While the extrapolated results
with and without linPCs are compatible with each
other and the reference result, the substantial stabili-
sation of the rcut dependence in the case with linPCs is
an important advancement. Within numerical uncer-
tainties essentially any fixed rcut value in the plotted
range would yield a viable prediction of the cross sec-
tion such that also comparably high fixed rcut values
would provide accurate results. Using a higher rcut

value renders the numerical integration much more
e�cient since the large cancellations between F+jet
cross section and counterterm in Eq. (1) are signifi-
cantly reduced. ll

Moreover, the rcut ! 0 extrapolation becomes less
important when linPCs are included, which, as we will
see below, is particularly useful for distributions, for
which an automated bin-wise extrapolation is still not
supported in the public version of the Matrix code
Moreover, the rcut ! 0 extrapolation is fully compat-

[Buonocore, Kallweit, Rottolli, MW '21]

based on observation: linPCs described by recoil [Ebert, Michel, Stewart, Tackmann '21]
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Figure 1: Dependence of the NLO QCD Drell–Yan cross
section, calculated in the qT-subtraction method with (or-
ange) and without (green) linPCs, on the cuto↵ rcut, nor-
malized to the reference CS result (blue) and with sta-
tistical errors. The horizontal lines show the respective
rcut ! 0 extrapolations, with their combined numerical
and extrapolation uncertainties depicted as bands.

ible with the results obtained with a finite value of
rcut in all the range considered in the plot. Whilst the
extrapolated result (and its error) provides a more ro-
bust prediction than those obtained with finite values
of rcut, the consistency of the results across rcut when
linPCs are included is particularly useful for distribu-
tions, for which an automated bin-wise extrapolation
is supported only from version 2.1 of theMatrix code
(although already used before [45–52]).ll

While the NLO QCD results presented so far are
instructive to study the e↵ects of linPCs in compari-
son to a reference prediction, the inclusion of linPCs
in the qT -slicing cuto↵ becomes much more relevant
at next-to-NLO (NNLO) in QCD perturbation the-
ory. The evaluation of the O(↵2

s) coe�cient in Ma-
trix relies entirely on the qT -subtraction method, and
no rcut-independent NNLO QCD cross section can be
computed with the code. In Figure 2 we study the
rcut dependence of the NNLO QCD coe�cient for dif-
ferent partonic channels, normalized to the respective
rcut ! 0 results with linPCs. The symbols for the
partonic channels (qq̄, qg, gg, q(q̄)q0) are defined as
usually, i.e. symmetrically with respect to the beam
directions: gg for the gluon–gluon channel, qg includ-
ing all (anti-)quark–gluon channels, qq̄ referring to the
diagonal quark–(anti-)quark channels present already
at leading order, and q(q̄)q0 collecting all remaining
(anti-)quark–(anti-)quark channels such that the four
categories sum up to the full result.

In Figure 2 we observe that the NNLO QCD co-
e�cient features an analogous reduction in the rcut

dependence when accounting for linPCs by includ-
ing the contribution of Eq. (2). We note that start-
ing from NNLO QCD the linear scaling can be en-
hanced by additional logarithms in rcut (i.e. terms
of order rcut ln

k(rcut), k 2 [1, 2]), as can be seen
from the figures. Like at NLO QCD the extrapolated
rcut ! 0 results are fully compatible, but the cross
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Figure 2: Dependence of the NNLO QCD Drell–Yan co-
e�cient on rcut for each partonic channel with (orange)
and without (green) linPCs, normalized to the rcut ! 0 re-
sult with linPCs. The horizontal lines show the respective
rcut ! 0 extrapolations. Errors indicated as in Figure 1.

section with linPCs exhibits a considerably reduced
rcut dependence with the advantages discussed above.
In Fig.3 we compare the NNLO correction in di↵erent
partonic channels with the NNLOjet results [38, 53],
which are obtained with the rcut–independent An-
tenna subtraction method [54–56]. We use the same
setup as discussed above, but we now take µF = µR =p

m
2

`` + q
2

T . We observe a very good agreement, down
to the O(1%) level of the NNLO coe�cient, in all the
partonic channels. ll

llWe continue with the discussion of di↵erential dis-
tributions within the fiducial phase-space selection.
Figure 4 shows the rapidity distribution of the pos-
itively charged lepton (y`+) at NLO QCD (left) and
at NNLO QCD (right) in the main panel. Results for
the fixed values rcut = 1% (dotted) and rcut = 0.15%
(dashed) with their statistical uncertainties indicated
by error bars are shown with (orange) and without
(green) linPCs in the upper and lower ratio panels,
respectively. The extrapolated rcut ! 0 results with
(orange) and without (green) linPCs with their com-
bined numerical and extrapolation uncertainties indi-
cated by bands are depicted in both ratio panels. At
NLO QCD all curves in the two ratio panels are nor-
malized to the reference rcut-independent CS result
(blue), while at NNLO QCD all curves in the upper
(lower) ratio panel are normalized to the extrapolated
result without (with) linPCs.
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where ⇥cuts(�) collects the fiducial cuts on the phase
space �, and �rec

F ⌘ �rec

F (�F , r
0) is the phase space

where a recoil prescription has been applied. The
technical parameter ✏ can be pushed to arbitrary low
values ✏ > 0 since the integral is finite and the cancel-
lation between the two terms is local in r

0. Thus, no
large numerical cancellations appear after the integra-
tion, at variance with Eq. (1). The origin of the correc-
tion in Eq. (2) can be understood as follows: The first
term provides an approximation of the F+jet cross
section below the cuto↵, including all singular terms in
qT and the linPCs, while the second term is the usual
subtraction term removing all singularthat removes allll

the singular contributions. Hence, what remains in
their di↵erence are the linPCs below rcut, which can
be directly added to Eq. (1) in order to correct the qT -
subtraction formula for linPCs. Note that Eq. (2) can
also be derived directly from expanding the formula
for the fixed-order matching of qT -resummation with
recoil prescription.

The contribution in Eq. (2) can be straightforwardly
added to any numerical code that contains an imple-
mentation of the qT -subtraction formalism.1 We have
implemented this contribution in the Matrix frame-
work [4] by using a boost from the Collins–Soper rest
frame of the colour singlet system [42] to the labora-
tory frame where it has transverse momentum equal
to qT [31, 32].2 We have then studied the e↵ect of
adding this contribution for various setups that suf-
fer from linPCs. In particular, we have focussed on
Drell–Yan production with symmetric and asymmet-
ric cuts, which proceeds through s-channel diagrams
at Born level, and on on-shell ZZ production, where
symmetric cuts are applied on the transverse momenta
of the two Z bosons. Although the fiducial region in
ZZ production is usually defined through cuts on the
decay products of the two Z bosons, in which case no
linear behaviour is observed [4], it is interesting to con-
sider a process which at Born level proceeds through
t-channel diagrams. For that case a formal proof of
the all-order resummation of linPCs along the lines
of Ref. [21] is less straightforward. However, as we
will see, resorting to a recoil prescription allows us
to include them since the procedure accounts for the
phase-space e↵ects responsible for the appearance of
the linPCs.ll

We now turn to discussing the numerical e↵ects of
including the linPCs via Eq. (2) in Matrix predic-

1
In principle it can also be useful in the context of NNLO-

matched predictions that include a qT -slicing cuto↵ [40, 41].
2
We have also considered other choices of boosts which yield

similaralmost undistiguishable results, in agreement with the

observations made in Ref. [21].,the e↵ect being O(r2cut).

tions. Unless stated otherwise, we consider
p
s =

13TeV proton–proton collisions at the LHC and use
the PDF set NNPDF31 nnlo as 0118 [43] as well as
renormalization and factorization scales µR = µF =
mZ . We start by considering the neutral-current
Drell–Yan production process with symmetric cuts
on the leptons, requiring a transverse momentum of
pT,` > 27GeV and a rapidity of |y`| < 2.5 for the lep-
tons as well as a 66GeV < m`` < 116GeV invariant-
mass window for the lepton pair. Figure 1 shows the
fiducial cross section at next-to-leading order (NLO)
in QCD as a function of the qT -slicing cuto↵ rcut, nor-
malized to the rcut-independent reference cross sec-
tion at NLO QCD that is obtained with Catani–
Seymour (CS) subtraction [44] in Matrix, shown in
blue. The result without linPCs is given in green and
that including the linPCs via Eq. (2) in orange, where
the vertical error bars reflect the statistical errors for
each individual rcut value. The horizontal lines corre-
spond to the rcut ! 0 extrapolation of the respective
cross sections, using their rcut dependence down to
rcut = 0.01% by means of the extrapolation procedure
described in Ref. [4], and the corresponding bands in-
clude both numerical and extrapolation uncertainties.

First of all, the extrapolated results in either case
are fully consistent with the reference CS prediction.
However, it is quite remarkable how much the rcut de-
pendence of the cross section reduces once linPCs are
included. Indeed, Figure 1 clearly shows that, in case
of symmetric cuts on the leptons, the cross section
features a linear dependence on the cuto↵ rcut, and
that this linear dependence is turned into quadratic
(at worst) as soon as the linPCs are included. This ob-
servation confirms that linPCs are captured through
recoil e↵ects as implemented in Eq. (2). We would
like to stress that the remaining e↵ects after includ-
ing the linPCs are well below one permille of the NLO
QCD cross section. While the extrapolated results
with and without linPCs are compatible with each
other and the reference result, the substantial stabili-
sation of the rcut dependence in the case with linPCs is
an important advancement. Within numerical uncer-
tainties essentially any fixed rcut value in the plotted
range would yield a viable prediction of the cross sec-
tion such that also comparably high fixed rcut values
would provide accurate results. Using a higher rcut

value renders the numerical integration much more
e�cient since the large cancellations between F+jet
cross section and counterterm in Eq. (1) are signifi-
cantly reduced. ll

Moreover, the rcut ! 0 extrapolation becomes less
important when linPCs are included, which, as we will
see below, is particularly useful for distributions, for
which an automated bin-wise extrapolation is still not
supported in the public version of the Matrix code
Moreover, the rcut ! 0 extrapolation is fully compat-

[Buonocore, Kallweit, Rottolli, MW '21]

based on observation: linPCs described by recoil [Ebert, Michel, Stewart, Tackmann '21]

linPCs included
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Figure 1: Dependence of the NLO QCD Drell–Yan cross
section, calculated in the qT-subtraction method with (or-
ange) and without (green) linPCs, on the cuto↵ rcut, nor-
malized to the reference CS result (blue) and with sta-
tistical errors. The horizontal lines show the respective
rcut ! 0 extrapolations, with their combined numerical
and extrapolation uncertainties depicted as bands.

ible with the results obtained with a finite value of
rcut in all the range considered in the plot. Whilst the
extrapolated result (and its error) provides a more ro-
bust prediction than those obtained with finite values
of rcut, the consistency of the results across rcut when
linPCs are included is particularly useful for distribu-
tions, for which an automated bin-wise extrapolation
is supported only from version 2.1 of theMatrix code
(although already used before [45–52]).ll

While the NLO QCD results presented so far are
instructive to study the e↵ects of linPCs in compari-
son to a reference prediction, the inclusion of linPCs
in the qT -slicing cuto↵ becomes much more relevant
at next-to-NLO (NNLO) in QCD perturbation the-
ory. The evaluation of the O(↵2

s) coe�cient in Ma-
trix relies entirely on the qT -subtraction method, and
no rcut-independent NNLO QCD cross section can be
computed with the code. In Figure 2 we study the
rcut dependence of the NNLO QCD coe�cient for dif-
ferent partonic channels, normalized to the respective
rcut ! 0 results with linPCs. The symbols for the
partonic channels (qq̄, qg, gg, q(q̄)q0) are defined as
usually, i.e. symmetrically with respect to the beam
directions: gg for the gluon–gluon channel, qg includ-
ing all (anti-)quark–gluon channels, qq̄ referring to the
diagonal quark–(anti-)quark channels present already
at leading order, and q(q̄)q0 collecting all remaining
(anti-)quark–(anti-)quark channels such that the four
categories sum up to the full result.

In Figure 2 we observe that the NNLO QCD co-
e�cient features an analogous reduction in the rcut

dependence when accounting for linPCs by includ-
ing the contribution of Eq. (2). We note that start-
ing from NNLO QCD the linear scaling can be en-
hanced by additional logarithms in rcut (i.e. terms
of order rcut ln

k(rcut), k 2 [1, 2]), as can be seen
from the figures. Like at NLO QCD the extrapolated
rcut ! 0 results are fully compatible, but the cross
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Figure 2: Dependence of the NNLO QCD Drell–Yan co-
e�cient on rcut for each partonic channel with (orange)
and without (green) linPCs, normalized to the rcut ! 0 re-
sult with linPCs. The horizontal lines show the respective
rcut ! 0 extrapolations. Errors indicated as in Figure 1.

section with linPCs exhibits a considerably reduced
rcut dependence with the advantages discussed above.
In Fig.3 we compare the NNLO correction in di↵erent
partonic channels with the NNLOjet results [38, 53],
which are obtained with the rcut–independent An-
tenna subtraction method [54–56]. We use the same
setup as discussed above, but we now take µF = µR =p

m
2

`` + q
2

T . We observe a very good agreement, down
to the O(1%) level of the NNLO coe�cient, in all the
partonic channels. ll

llWe continue with the discussion of di↵erential dis-
tributions within the fiducial phase-space selection.
Figure 4 shows the rapidity distribution of the pos-
itively charged lepton (y`+) at NLO QCD (left) and
at NNLO QCD (right) in the main panel. Results for
the fixed values rcut = 1% (dotted) and rcut = 0.15%
(dashed) with their statistical uncertainties indicated
by error bars are shown with (orange) and without
(green) linPCs in the upper and lower ratio panels,
respectively. The extrapolated rcut ! 0 results with
(orange) and without (green) linPCs with their com-
bined numerical and extrapolation uncertainties indi-
cated by bands are depicted in both ratio panels. At
NLO QCD all curves in the two ratio panels are nor-
malized to the reference rcut-independent CS result
(blue), while at NNLO QCD all curves in the upper
(lower) ratio panel are normalized to the extrapolated
result without (with) linPCs.
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where ⇥cuts(�) collects the fiducial cuts on the phase
space �, and �rec

F ⌘ �rec

F (�F , r
0) is the phase space

where a recoil prescription has been applied. The
technical parameter ✏ can be pushed to arbitrary low
values ✏ > 0 since the integral is finite and the cancel-
lation between the two terms is local in r

0. Thus, no
large numerical cancellations appear after the integra-
tion, at variance with Eq. (1). The origin of the correc-
tion in Eq. (2) can be understood as follows: The first
term provides an approximation of the F+jet cross
section below the cuto↵, including all singular terms in
qT and the linPCs, while the second term is the usual
subtraction term removing all singularthat removes allll

the singular contributions. Hence, what remains in
their di↵erence are the linPCs below rcut, which can
be directly added to Eq. (1) in order to correct the qT -
subtraction formula for linPCs. Note that Eq. (2) can
also be derived directly from expanding the formula
for the fixed-order matching of qT -resummation with
recoil prescription.

The contribution in Eq. (2) can be straightforwardly
added to any numerical code that contains an imple-
mentation of the qT -subtraction formalism.1 We have
implemented this contribution in the Matrix frame-
work [4] by using a boost from the Collins–Soper rest
frame of the colour singlet system [42] to the labora-
tory frame where it has transverse momentum equal
to qT [31, 32].2 We have then studied the e↵ect of
adding this contribution for various setups that suf-
fer from linPCs. In particular, we have focussed on
Drell–Yan production with symmetric and asymmet-
ric cuts, which proceeds through s-channel diagrams
at Born level, and on on-shell ZZ production, where
symmetric cuts are applied on the transverse momenta
of the two Z bosons. Although the fiducial region in
ZZ production is usually defined through cuts on the
decay products of the two Z bosons, in which case no
linear behaviour is observed [4], it is interesting to con-
sider a process which at Born level proceeds through
t-channel diagrams. For that case a formal proof of
the all-order resummation of linPCs along the lines
of Ref. [21] is less straightforward. However, as we
will see, resorting to a recoil prescription allows us
to include them since the procedure accounts for the
phase-space e↵ects responsible for the appearance of
the linPCs.ll

We now turn to discussing the numerical e↵ects of
including the linPCs via Eq. (2) in Matrix predic-

1
In principle it can also be useful in the context of NNLO-

matched predictions that include a qT -slicing cuto↵ [40, 41].
2
We have also considered other choices of boosts which yield

similaralmost undistiguishable results, in agreement with the

observations made in Ref. [21].,the e↵ect being O(r2cut).

tions. Unless stated otherwise, we consider
p
s =

13TeV proton–proton collisions at the LHC and use
the PDF set NNPDF31 nnlo as 0118 [43] as well as
renormalization and factorization scales µR = µF =
mZ . We start by considering the neutral-current
Drell–Yan production process with symmetric cuts
on the leptons, requiring a transverse momentum of
pT,` > 27GeV and a rapidity of |y`| < 2.5 for the lep-
tons as well as a 66GeV < m`` < 116GeV invariant-
mass window for the lepton pair. Figure 1 shows the
fiducial cross section at next-to-leading order (NLO)
in QCD as a function of the qT -slicing cuto↵ rcut, nor-
malized to the rcut-independent reference cross sec-
tion at NLO QCD that is obtained with Catani–
Seymour (CS) subtraction [44] in Matrix, shown in
blue. The result without linPCs is given in green and
that including the linPCs via Eq. (2) in orange, where
the vertical error bars reflect the statistical errors for
each individual rcut value. The horizontal lines corre-
spond to the rcut ! 0 extrapolation of the respective
cross sections, using their rcut dependence down to
rcut = 0.01% by means of the extrapolation procedure
described in Ref. [4], and the corresponding bands in-
clude both numerical and extrapolation uncertainties.

First of all, the extrapolated results in either case
are fully consistent with the reference CS prediction.
However, it is quite remarkable how much the rcut de-
pendence of the cross section reduces once linPCs are
included. Indeed, Figure 1 clearly shows that, in case
of symmetric cuts on the leptons, the cross section
features a linear dependence on the cuto↵ rcut, and
that this linear dependence is turned into quadratic
(at worst) as soon as the linPCs are included. This ob-
servation confirms that linPCs are captured through
recoil e↵ects as implemented in Eq. (2). We would
like to stress that the remaining e↵ects after includ-
ing the linPCs are well below one permille of the NLO
QCD cross section. While the extrapolated results
with and without linPCs are compatible with each
other and the reference result, the substantial stabili-
sation of the rcut dependence in the case with linPCs is
an important advancement. Within numerical uncer-
tainties essentially any fixed rcut value in the plotted
range would yield a viable prediction of the cross sec-
tion such that also comparably high fixed rcut values
would provide accurate results. Using a higher rcut

value renders the numerical integration much more
e�cient since the large cancellations between F+jet
cross section and counterterm in Eq. (1) are signifi-
cantly reduced. ll

Moreover, the rcut ! 0 extrapolation becomes less
important when linPCs are included, which, as we will
see below, is particularly useful for distributions, for
which an automated bin-wise extrapolation is still not
supported in the public version of the Matrix code
Moreover, the rcut ! 0 extrapolation is fully compat-

[Buonocore, Kallweit, Rottolli, MW '21]

based on observation: linPCs described by recoil [Ebert, Michel, Stewart, Tackmann '21]
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Figure 8: Dependence of the NNLO QCD cross section on rcut with (orange) and without (green) linPCs, normalized
to the rcut ! 0 result with linPCs, for ZZ production (left) and for �� production (right). The horizontal lines show

the respective rcut ! 0 extrapolations. Errors indicated as in Figure 1. For �� production µR = µF =
q

m2
�� + p2T,�� is

used.
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Figure 9: Dependence of the NNLO QCD coe�cient
for �� production on rcut for each partonic channel with
(orange) and without (green) linPCs, normalized to the
rcut ! 0 result with linPCs. The horizontal lines show
the respective rcut ! 0 extrapolations. Errors indicated
as in Figure 1.

momentum requirement is applied on each particle of
a process with (e↵ective) two-body kinematics, or if
di↵erent transverse-momentum requirements are ap-
plied, but on the undistinguished particles ordered in
transverse momentum. We have shown for the case of
neutral-current Drell–Yan production that such sym-

metric or asymmetric cuts applied on the leptons lead
to a linear dependence on the qT -slicing cuto↵, and
that by following the approach suggested in this let-
ter those linear power corrections are accounted for,
both at the level of fiducial cross sections and di↵er-
ential distributions.

We have also addressed the concerns raised in
Ref. [7] about the intrinsic uncertainties of di↵eren-
tial Drell–Yan predictions in qT subtraction. Given
the enormous precision of Drell–Yan studies at the
LHC, these concerns are justified when predictions
with only a fixed qT -slicing cut are used. Our sug-
gested approach to include the linear power correc-
tions resolvesalleviates these issues even when a fixed ll

value of the cuto↵ is used. We also observed that
it is su�cient to perform a suitable extrapolation of
the qT -slicing cuto↵ to zero with Matrix. The lat-
ter, however, requires considerably more computing
resources to reach the samean analogous numerical ll

precision.
Finally, we have considered both ZZ and ��

production with symmetric transverse-momentum
thresholds on the vector bosons and showed that for
ZZ production the resulting linear power corrections
are fully captured by our approach. On the contrary,
for �� production such procedure is insu�cient, since
the need for isolating the photons yields an additional
source of linear power corrections, which can not be
captured through recoil e↵ects.

We have implemented the approach presented here
within the Matrix framework. The additional con-
tribution that includes the linear power corrections
induced by recoil e↵ects can be turned on separately
in the input files of all Matrix processes. This fea-
ture is included in the publicMatrix framework from
version 2.1. We consider it a useful feature especially
for experimentalists that are interested in obtaining
predictions for Drell–Yan production with Matrix,
which provides both NNLO QCD and NLO EW cor-
rections, as well as mixed QCD–EW corrections to be
included in a future release. However, while in partic-



Marius Wiesemann    (MPP Munich) September 6, 2024QCD and Monte Carlo event generators (Lecture 2 — hands-on session) 149

rcut→0 extrapolation in MATRIX
[Grazzini,  Kallweit,  MW '17]

d�X

NNLO
=


d�X+jet

NLO

���
r > rcut

� ⌃NNLO(rcut)⌦ d�B

�
+HNNLO ⌦ d�B

σqT

NNLO(r)

σ/σNNLO − 1[%] pp → e−e+ @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.50

0

−0.50

−1.00

−1.50
σqT

NNLO(r)

σ/σNNLO − 1[%] pp → e−e+ @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.50

0

−0.50

−1.00

−1.50

σexact(NNLOjet)
NNLO

σextrapolated
NNLO (rcut ≥ 0.05)

σextrapolated
NNLO (rcut ≥ 0.15)

σ/σNNLO − 1[%] pp → e−e+ @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.50

0

−0.50

−1.00

−1.50

σexact(NNLOjet)
NNLO

σextrapolated
NNLO (rcut ≥ 0.05)

σextrapolated
NNLO (rcut ≥ 0.15)

σ/σNNLO − 1[%] pp → e−e+ @ 13 TeV

rcut[%]
1.00.90.80.70.60.50.40.30.20.10

+0.50

0

−0.50

−1.00

−1.50

[Gehrmann, Gehrmann-De Ridder, Glover, Huss et al.]

Drell-Yan (off-shell Z)

[Alekhin, Kardos, Moch, Trócsányi '21]

ATLAS (7 TeV, 4.6 fb
-1

)

-0.1

-0.05

-0

0.05

0.1

0.15

0.2

0.25

0.3

0 0.5 1 1.5 2 2.5 3 3.5
η

ll

d
a

ta
/A

B
M

P
1

6
 -

 1

MATRIX (r
cut

=0.05%)

LO

NLO

NNLO

Z --> l
+
l
-

P
T
l >20 GeV

66 <M
ll
<116 GeV

|η
l1

|<2.5

2.5 <|η
l2

|<4.9

ATLAS (7 TeV, 4.6 fb
-1

)

-0.1

-0.05

-0

0.05

0.1

0.15

0.2

0.25

0.3

0 0.5 1 1.5 2 2.5 3 3.5
η

ll

d
a

ta
/A

B
M

P
1

6
 -

 1

MCFM (τ=0.0004)

LO

NLO

NNLO

Z --> l
+
l
-

P
T
l >20 GeV

66 <M
ll
<116 GeV

|η
l1

|<2.5

2.5 <|η
l2

|<4.9

FIG. 10: Same as Fig. 9 using predictions by the MATRIX (left) and the MCFM codes (right).

Next we continue the benchmark studies with DØ data on the electron charge asymmetry distri-
bution Ae, which has been obtained as a function of the electron pseudo-rapidity from W±-boson
production at

p
s = 1.96 TeV at the Tevatron [8]. This observable is also subject to larger higher

order corrections so that we illustrate again the size of the LO, NLO and NNLO predictions ob-
tained, as before, in all cases with the NNLO ABMP16 PDFs and ↵(n f=5)

s (MZ) = 0.1147 and we
plot the di↵erence to the NNLO predictions computed with the FEWZ code. The DØ data had al-
ready been included in the fit of the ABMP16 PDFs and a good description of those data in the fit
had been reached.

In Fig. 11 we plot in addition to the DØ data on Ae the LO, NLO and NNLO predictions by the
DYNNLO code (left) and the MATRIX code (right), keeping again a relative numerical integration ac-
curacy of a few units in 10�4 for the respective W±-boson cross sections. The LO and NLO curves
illustrate the sizable higher order corrections and those predictions agree among these codes. With
the given accuracy of the DØ data on Ae, also the NNLO corrections are relevant, but we see both,
the DYNNLO and the MATRIX results (here with rmin

cut = 0.15%) being mostly above the FEWZ num-
bers. The deviations increase with increasing electron pseudo-rapidity ⌘e and become significant
for ⌘e & 1.0, where the size of the di↵erence exceeds the size of the pure NNLO corrections. For
the asymmetry Ae any overall rescaling of cross sections as suggested for the MATRIX code and
described in Sec. III to account for rmin

cut dependence has no e↵ect.
In Fig. 12 we show the same study, now comparing to the results obtained with the MCFM code.

The NNLO MCFM result has been computed with the default ⌧cut value, ⌧cut = 6 · 10�3, and the
numerical integration accuracy of the individual W±-boson cross sections is typically O(1o/oo). In
addition, deviating from the default settings of MCFM, the parameter cutoff has been changed
to 10�6 from 10�9, which is its default value 10. The parameter cutoff provides the minimum
value on any dimensionless variables, for instance, any invariant mass squared si j of any pair

10 Execution of MCFM with the command ./mcfm_omp input.ini -extra%cutoff=1d-6.
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Figure 6: Distribution in the rapidity of the lepton
pair for rcut = 0.15% without linPCs (green, dash-double-
dotted) and its extrapolation rcut ! 0 (red, dash-dotted)
as well as with linPCs for rcut = 0.15% (orange, dashed) in
the setup presented in Ref. [7]. For reference, we compare
against an rcut-independent result by FEWZ (blue, solid)
and against ATLAS 7TeV data [55] (black data points).
The first ratio panel shows all results in the main frame
normalized to FEWZ, while in the second we show the
same ratios, but for results with rcut = 0.5% with (purple,
dashed) and without (brown, dash-double-dotted) linPCs.

ever, that at the moment the rcut ! 0 extrapolation
with the publicly available version of Matrix can be
obtained only by performing separate runs for each
bin in a distribution. The support for a bin-wise ex-
trapolation is planned to be added in a forthcoming
version of Matrix.

The previous observations manifest the clear advan-
tage of the approach presented in this letter for con-
figurations dominated by a recoil-driven linear cuto↵
dependence: When including the linPCs, the rcut ! 0
extrapolation is essentially downgraded from a neces-
sity for obtaining accurate predictions to a bare con-
sistency check. For Drell–Yan production, this pro-
cedure provides accurate predictions through a calcu-
lation at a comparably high fixed rcut value, without
the need of evaluating and storing results down to very
small rcut values in all bins of di↵erential distributions
in order to perform meaningful rcut ! 0 extrapola-
tions. Therefore, the numerical computation becomes
substantially less demanding since higher values of
rcut can be chosen without a↵ecting the accuracy of
the result, reducing considerably the computing time.
We note that the very good agreement between the re-
sults obtained with the recoil prescription and those

obtained using a rcut ! 0 extrapolation constitute an
excellent consistency check of the robustness of the ex-
trapolation procedure, which is the only viable strat-
egy for cases in which the linear power corrections
have a di↵erent origin.

Finally, we have also considered other processes
with two-particle final states, in particular on-shell
ZZ and �� production. For ZZ production it has
already been shown that power corrections in the in-
clusive case or in a usual fiducial setup with cuts on
the four-lepton final state in o↵-shell ZZ production
are relatively flat and have the expected quadratic
dependence on rcut [4]. Therefore, we have chosen
a non-standard set of fiducial cuts that impose sym-
metric cuts on the two on-shell Z bosons. This pro-
vides an interesting sample case since on-shell ZZ pro-
duction proceeds through t-channel diagrams at Born
level and the formal proof [21] for the resummation
of linPCs in Drell–Yan production does not directly
generalise to the ZZ process. Thus, we study here
whether linPCs for the ZZ process with symmetric
Z-boson cuts exist and can be described by suitably
accounting for the recoil in qT subtraction through
Eq. (2). By contrast, for �� production it is well
known [4, 6, 37] that, as for any process with iden-
tified photons in the final state, power corrections are
linear due to the requirement of consistently defin-
ing isolated photons through smooth-cone isolation.
Thus, here we shall study whether including recoil ef-
fects through Eq. (2) yields any improvements in that
case.

Figure 7 shows the NNLO QCD cross section as a
function of rcut normalized to the rcut ! 0 result with
linPCs for both ZZ and �� production. The symmet-
ric cuts are inspired by the lepton cuts we applied in
the case of Drell–Yan production, i.e. we have imposed
a transverse-momentum cut of pT,V > 27GeV and a
rapidity requirement of |yV | < 2.5 on each vector bo-
son V 2 {Z, �}. Indeed, we observe a linear depen-
dence on rcut also for ZZ production with symmetric
cuts, and the linPCs are completely included by the
contribution of Eq. (2), which properly accounts for
recoil e↵ects, also in this case.

For diphoton production, on the other hand, the
situation is very di↵erent. The observed power cor-
rections are extremely large for the given setup, even
larger than for the setup considered in Ref. [4]. It
is worth noting that the recoil-driven linPCs are inde-
pendent of those due to photon isolation. In fact, with
symmetric cuts the inclusion of recoil-driven linPCs
does actually even slightly increase the rcut depen-
dence, whereas the opposite behaviour is found when
considering asymmetric cuts on leading and sublead-
ing photon (not shown here). This confirms that a
recoil prescription is not suitable to account for the
dominant rcut dependence in processes with isolated
photons, which was also observed in Ref. [37] in the
context of transverse-momentum resummation of the
diphoton pair.

Nevertheless, it is interesting to notice that the ob-
served behaviour for �� production depends on the
partonic channel under consideration. In the qq̄ chan-

[Buonocore, Kallweit, Rottolli, MW '21]
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Beyond NNLO QCD for VV in MATRIX
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Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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ū

`
+

⌫`

`
0�

⌫̄`0

W
+

d

W
�

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

Z/�

(a) (b) (c) (d)

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
�

`
�

Z/�

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

u

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

W
+

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

W
+

⌫`

W
+

(e) (f) (g) (h)

Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.

�

�

`
+

`
�

⌫`0

⌫̄`0

`
�

`

Z

�

�

`
+

⌫`

`
0�

⌫̄`0

`
�

`

W
�

�

�

`
+

⌫l

`
0�

⌫̄`0

W
+

W

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

(a) (b) (c) (d)

Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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ū

`
+

⌫`

`
0�

⌫̄`0

W
+

d

W
�

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

Z/�

(a) (b) (c) (d)

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
�

`
�

Z/�

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

u

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

W
+

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

W
+

⌫`

W
+

(e) (f) (g) (h)

Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.

�

�

`
+

`
�

⌫`0

⌫̄`0

`
�

`

Z

�

�

`
+

⌫`

`
0�

⌫̄`0

`
�

`

W
�

�

�

`
+

⌫l

`
0�

⌫̄`0

W
+

W

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

(a) (b) (c) (d)

Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-

– 5 –

�

�

`
+

⌫l

`
0�

⌫̄`0

W
+

W

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

`
�

`

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

`

`
0

W

(a) (b) (c) (d)

Figure 3. Sample of photon-induced Born diagrams contributing to 2`2⌫ production in the different-
flavour case (` 6= `0) and in the same-flavour case (` = `0). Double-resonant (a,b), single-resonant (c) and
non-resonant (d) diagrams are shown.

�

�

`
+

`
�

⌫`0

⌫̄`0

`
�

`

Z

�

�

`
+

⌫`0

`
�

⌫̄`0

Z
`

`

(a) (b)

Figure 4. Sample of photon-induced Born diagrams contributing to 2`2⌫ final states only in the same
lepton-flavour case, both for `0 = ` or `0 6= `. Only single-resonant diagrams contribute.

two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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Figure 3: Examples of N3LO contributions in the qg channel.

including also the qg initiated contributions.1 We note that at N3LO we only include diagrams
with closed fermion loops (see Figure 3 (a)); all other contributions that would enter a complete
N3LO calculation (see Figure 3 (b) for example) cannot be consistently accounted for at present.
Our approximation includes all contributions at O(↵2

S
) together with the complete NLO corrections

to the loop-induced gluon fusion channel at O(↵3

S
). As such, besides providing the maximum

perturbative information available at present for this process, our calculation can be used to obtain
a consistent estimate of perturbative uncertainties through the customary procedure of studying
scale variations.

Our calculation is carried out within the computational framework Matrix [52]. Matrix features a
fully general implementation of the qT -subtraction formalism [53] and allowed us to compute NNLO
QCD corrections to a large number of colour-singlet processes at hadron colliders [38, 43, 45, 46, 54–
59].2 The core of the Matrix framework is the Monte Carlo program Munich, which is capable
of computing both NLO QCD and NLO EW [62, 63] corrections to arbitrary SM processes [64].

As in previous Matrix calculations, in our computation of the NLO corrections to the gg ! 4`
process, all the required one-loop amplitudes are evaluated with OpenLoops

3 [69, 70]. At two-loop
level, we use the gg ! V V 0 helicity amplitudes of Ref. [37], and implement the corresponding
four-lepton final states, accounting for spin correlations and o↵-shell e↵ects. The NLO calculation
is performed by using the Catani–Seymour dipole-subtraction method [71, 72] and also with qT
subtraction [53], which provides an additional cross-check of our results.

1We note that there are also qq̄ initiated contributions to the loop-induced production mechanism at O(↵3
S),

which are separately finite. We found them to be completely negligible and ignore them in the following. Our
results include all numerically relevant partonic channels of the NLO corrections to the loop-induced gluon fusion
contribution.

2It was also used in the NNLL+NNLO computation of Ref. [60], and in the NNLOPS computation of Ref. [61].
3
OpenLoops relies on the fast and stable tensor reduction of Collier [65, 66], supported by a rescue system

based on quad-precision CutTools [67] with OneLOop [68] to deal with exceptional phase-space points.
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
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diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
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We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
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sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘
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mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2
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includingalsotheqginitiatedcontributions.
1WenotethatatN

3LOweonlyincludediagrams

withclosedfermionloops(seeFigure3(a));allothercontributionsthatwouldenteracomplete

N
3LOcalculation(seeFigure3(b)forexample)cannotbeconsistentlyaccountedforatpresent.

OurapproximationincludesallcontributionsatO(↵
2
S)togetherwiththecompleteNLOcorrections

totheloop-inducedgluonfusionchannelatO(↵
3
S).Assuch,besidesprovidingthemaximum

perturbativeinformationavailableatpresentforthisprocess,ourcalculationcanbeusedtoobtain

aconsistentestimateofperturbativeuncertaintiesthroughthecustomaryprocedureofstudying

scalevariations.

OurcalculationiscarriedoutwithinthecomputationalframeworkM
atrix[52].M

atrixfeaturesa

fullygeneralimplementationoftheqT-subtractionformalism[53]andallowedustocomputeNNLO

QCDcorrectionstoalargenumberofcolour-singletprocessesathadroncolliders[38,43,45,46,54–

59].
2ThecoreoftheM

atrixframeworkistheMonteCarloprogram
M
unich,whichiscapable

ofcomputingbothNLOQCDandNLOEW
[62,63]correctionstoarbitrarySM

processes[64].

AsinpreviousM
atrixcalculations,inourcomputationoftheNLOcorrectionstothegg!

4`

process,alltherequiredone-loopamplitudesareevaluatedwithO
penLoops

3[69,70].Attwo-loop

level,weusethegg
!

VV
0helicityamplitudesofRef.[37],andimplementthecorresponding

four-leptonfinalstates,accountingforspincorrelationsando↵-shelle↵ects.TheNLOcalculation

isperformedbyusingtheCatani–Seymourdipole-subtractionmethod[71,72]andalsowithqT

subtraction[53],whichprovidesanadditionalcross-checkofourresults.

1Wenotethattherearealsoqq̄initiatedcontributionstotheloop-inducedproductionmechanismatO(↵
3
S),

whichareseparatelyfinite.Wefoundthem
tobecompletelynegligibleandignorethem

inthefollowing.Our

resultsincludeallnumericallyrelevantpartonicchannelsoftheNLOcorrectionstotheloop-inducedgluonfusion

contribution.

2ItwasalsousedintheNNLL+NNLOcomputationofRef.[60],andintheNNLOPScomputationofRef.[61].

3OpenLoopsreliesonthefastandstabletensorreductionofCollier[65,66],supportedbyarescuesystem

basedonquad-precision
CutTools[67]with

O
neLO

op[68]todealwithexceptionalphase-spacepoints.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW
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production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵
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), i.e. at the same order as it is part of the NNLO QCD corrections. The MW
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computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW
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diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
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Figure 5. Sample of one loop diagrams contributing to 2`2⌫ production in the different-flavour case (` 6= `0)
and in the same-flavour case (` = `0) in the quark-induced (a-d) and photon-induced (e-h) channels.
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Figure 6. Sample of one-loop diagrams contributing to 2`2⌫ final states only in the same-flavour (wrt. the
charged leptons) case in the quark-induced (a-d) and photon-induced (e-h) channels.

in t-channel topologies with subsequent emission of a Z boson with Z ! ⌫⌫̄ is the only photon-
induced production mechanism at LO, as shown in the sample diagrams of Fig. 4. Consequently,
the invariant mass of the charged-lepton pair does not show a Breit–Wigner peak around MZ .

Similarly as for quark–antiquark annihilation, the �� ! e
+
e
�
⌫e⌫̄e channel is build from the

coherent sum of all diagrams entering �� ! e
+
µ
�
⌫e⌫̄µ and �� ! e

+
e
�
⌫µ/⌧ ⌫̄µ/⌧ .

2.3 Ingredients of QCD and EW corrections

At NLO QCD all O(↵s↵
4) contributions to pp ! 2`2⌫ are taken into account. In the qq̄ channel, the

only QCD loop corrections arise from virtual-gluon exchange, while the real corrections result from
real-gluon emission and crossed topologies describing (anti-)quark–gluon channels. The infrared
divergences separately arising in these two contributions are mediated by the standard dipole-
subtraction approach [35, 36]. We note that the �� channels do not receive QCD corrections at
NLO, due to the absence of any QCD partons in all tree-level diagrams.

At NLO EW we include the full set of O(↵5) contributions to pp ! 2`2⌫. At this order both
the qq̄ and �� channels receive corrections from virtual EW bosons and from closed fermion loops,
cf. Figs. 5–6. These corrections include Higgs resonances with decay into four fermions coupled
to weak bosons (in the qq̄ channel) or coupled to a heavy-fermion loop (in the �� channel). The
real corrections in the qq̄ channel can be split into real-photon emission channels and �q ! 2`2⌫q
channels1 with initial-state � ! qq̄ splittings. The �� channel also receives real corrections from

1Corresponding �q̄-induced channels are implicitly understood here and in the following.
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photon bremsstrahlung, and also from �q ! 2`2⌫q channels with initial-state q ! q� splittings,
cf. Figs. 7–8. While the separation into qq̄ and �� channels can still be preserved for virtual and
photon-bremsstrahlung contributions, such separation is no longer meaningful for the q�-initiated
channels due to their singularity structure: both above-mentioned splittings result in infrared-
divergent configurations, and these q� channels simultaneously cancel infrared poles arising in qq̄

and �� channels. This situation demands the inclusion of the full NLO EW corrections to the qq̄

and �� Born processes to guarantee infrared safety and consistency. To deal with the mediation of
these divergences between virtual and real corrections the QED extension of the dipole-subtraction
method [37–39] is applied (see Appendix A).

Instead of a separation of NLO contributions into qq̄ and �� channels, we quantify the impact
of photon-induced processes by considering contributions involving at least one photon PDF factor
and all other contributions that are also present under the assumption of vanishing photon PDFs. At
LO this distinction coincides with the splitting according to production modes, while at NLO EW
it combines �� and �q channels in spite of the fact that the latter involves qq̄-related contributions.

3 Technical ingredients and setup of the simulations

3.1 Tools

The calculations presented in this paper have been performed with the automated frameworks Mu-

nich+OpenLoops and Sherpa+OpenLoops. They automate the full chain of all operations—
from process definition to collider observables—that enter NLO QCD+EW simulations at parton
level. The recently achieved automation of EW corrections [24, 26] is based on the well established
QCD implementations and allows for NLO QCD+EW simulations for a vast range of SM processes,
up to high particle multiplicities, at current and future colliders.

In these frameworks virtual amplitudes are provided by the OpenLoops program [28], which
is based on the open-loops algorithm [27] – a fast numerical recursion for the evaluation of one-loop
scattering amplitudes. Combined with the Collier tensor reduction library [40], which imple-
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production

– 5 –

�

�

`
+

⌫l

`
0�

⌫̄`0

W
+

W

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

`
�

`

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

`

`
0

W

(a) (b) (c) (d)

Figure 3. Sample of photon-induced Born diagrams contributing to 2`2⌫ production in the different-
flavour case (` 6= `0) and in the same-flavour case (` = `0). Double-resonant (a,b), single-resonant (c) and
non-resonant (d) diagrams are shown.

�

�

`
+

`
�

⌫`0

⌫̄`0

`
�

`

Z

�

�

`
+

⌫`0

`
�

⌫̄`0

Z
`

`

(a) (b)

Figure 4. Sample of photon-induced Born diagrams contributing to 2`2⌫ final states only in the same
lepton-flavour case, both for `0 = ` or `0 6= `. Only single-resonant diagrams contribute.

two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production

– 5 –

q

q̄

`+

`�

`0�

`0+

Z/�
q

Z/�

q

q̄

`+

`�

`0�

`0+
Z/�

`�

Z/�

g

g

!+

!−

!′+

!′−

Z/γ
q

Z/γ

(a) (b) (c)

Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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that enters at O(↵
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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includingalsotheqginitiatedcontributions.
1WenotethatatN

3LOweonlyincludediagrams

withclosedfermionloops(seeFigure3(a));allothercontributionsthatwouldenteracomplete

N
3LOcalculation(seeFigure3(b)forexample)cannotbeconsistentlyaccountedforatpresent.

OurapproximationincludesallcontributionsatO(↵
2
S)togetherwiththecompleteNLOcorrections

totheloop-inducedgluonfusionchannelatO(↵
3
S).Assuch,besidesprovidingthemaximum

perturbativeinformationavailableatpresentforthisprocess,ourcalculationcanbeusedtoobtain

aconsistentestimateofperturbativeuncertaintiesthroughthecustomaryprocedureofstudying

scalevariations.

OurcalculationiscarriedoutwithinthecomputationalframeworkM
atrix[52].M

atrixfeaturesa

fullygeneralimplementationoftheqT-subtractionformalism[53]andallowedustocomputeNNLO

QCDcorrectionstoalargenumberofcolour-singletprocessesathadroncolliders[38,43,45,46,54–

59].
2ThecoreoftheM

atrixframeworkistheMonteCarloprogram
M
unich,whichiscapable

ofcomputingbothNLOQCDandNLOEW
[62,63]correctionstoarbitrarySM

processes[64].

AsinpreviousM
atrixcalculations,inourcomputationoftheNLOcorrectionstothegg!

4`

process,alltherequiredone-loopamplitudesareevaluatedwithO
penLoops

3[69,70].Attwo-loop

level,weusethegg
!

VV
0helicityamplitudesofRef.[37],andimplementthecorresponding

four-leptonfinalstates,accountingforspincorrelationsando↵-shelle↵ects.TheNLOcalculation

isperformedbyusingtheCatani–Seymourdipole-subtractionmethod[71,72]andalsowithqT

subtraction[53],whichprovidesanadditionalcross-checkofourresults.

1Wenotethattherearealsoqq̄initiatedcontributionstotheloop-inducedproductionmechanismatO(↵
3
S),

whichareseparatelyfinite.Wefoundthem
tobecompletelynegligibleandignorethem

inthefollowing.Our

resultsincludeallnumericallyrelevantpartonicchannelsoftheNLOcorrectionstotheloop-inducedgluonfusion

contribution.

2ItwasalsousedintheNNLL+NNLOcomputationofRef.[60],andintheNNLOPScomputationofRef.[61].

3OpenLoopsreliesonthefastandstabletensorreductionofCollier[65,66],supportedbyarescuesystem

basedonquad-precision
CutTools[67]with

O
neLO

op[68]todealwithexceptionalphase-spacepoints.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
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Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
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) as part of the NNLO QCD corrections, i.e. neglecting O(↵
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) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.

�

�

`
+

`
�

⌫`0

⌫̄`0

`
�

`

Z

�

�

`
+

⌫`

`
0�

⌫̄`0

`
�

`

W
�

�

�

`
+

⌫l

`
0�

⌫̄`0

W
+

W

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

(a) (b) (c) (d)

Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
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production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2
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• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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includingalsotheqginitiatedcontributions.
1WenotethatatN

3LOweonlyincludediagrams

withclosedfermionloops(seeFigure3(a));allothercontributionsthatwouldenteracomplete

N
3LOcalculation(seeFigure3(b)forexample)cannotbeconsistentlyaccountedforatpresent.

OurapproximationincludesallcontributionsatO(↵
2
S)togetherwiththecompleteNLOcorrections

totheloop-inducedgluonfusionchannelatO(↵
3
S).Assuch,besidesprovidingthemaximum

perturbativeinformationavailableatpresentforthisprocess,ourcalculationcanbeusedtoobtain

aconsistentestimateofperturbativeuncertaintiesthroughthecustomaryprocedureofstudying

scalevariations.

OurcalculationiscarriedoutwithinthecomputationalframeworkM
atrix[52].M

atrixfeaturesa

fullygeneralimplementationoftheqT-subtractionformalism[53]andallowedustocomputeNNLO

QCDcorrectionstoalargenumberofcolour-singletprocessesathadroncolliders[38,43,45,46,54–

59].
2ThecoreoftheM

atrixframeworkistheMonteCarloprogram
M
unich,whichiscapable

ofcomputingbothNLOQCDandNLOEW
[62,63]correctionstoarbitrarySM

processes[64].

AsinpreviousM
atrixcalculations,inourcomputationoftheNLOcorrectionstothegg!

4`

process,alltherequiredone-loopamplitudesareevaluatedwithO
penLoops

3[69,70].Attwo-loop

level,weusethegg
!

VV
0helicityamplitudesofRef.[37],andimplementthecorresponding

four-leptonfinalstates,accountingforspincorrelationsando↵-shelle↵ects.TheNLOcalculation

isperformedbyusingtheCatani–Seymourdipole-subtractionmethod[71,72]andalsowithqT

subtraction[53],whichprovidesanadditionalcross-checkofourresults.

1Wenotethattherearealsoqq̄initiatedcontributionstotheloop-inducedproductionmechanismatO(↵
3
S),

whichareseparatelyfinite.Wefoundthem
tobecompletelynegligibleandignorethem

inthefollowing.Our

resultsincludeallnumericallyrelevantpartonicchannelsoftheNLOcorrectionstotheloop-inducedgluonfusion

contribution.

2ItwasalsousedintheNNLL+NNLOcomputationofRef.[60],andintheNNLOPScomputationofRef.[61].

3OpenLoopsreliesonthefastandstabletensorreductionofCollier[65,66],supportedbyarescuesystem

basedonquad-precision
CutTools[67]with

O
neLO

op[68]todealwithexceptionalphase-spacepoints.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵
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ū

`
+

⌫`

`
0�

⌫̄`0

W
+

d

W
�

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

Z/�

(a) (b) (c) (d)

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
�

`
�

Z/�

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

u

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

W
+

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

W
+

⌫`

W
+

(e) (f) (g) (h)

Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.

�

�

`
+

`
�

⌫`0

⌫̄`0

`
�

`

Z

�

�

`
+

⌫`

`
0�

⌫̄`0

`
�

`

W
�

�

�

`
+

⌫l

`
0�

⌫̄`0

W
+

W

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

(a) (b) (c) (d)

Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-

– 5 –

q

q̄

`
+

`
�

⌫`0

⌫̄`0

Z/�

q

Z

q

q̄

`
+

`
�

⌫`0

⌫̄`0
Z

`
�

Z/�

u

ū
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production

– 5 –

�

�

`
+

⌫l

`
0�

⌫̄`0

W
+

W

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

`
�

`

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

`

`
0

W

(a) (b) (c) (d)

Figure 3. Sample of photon-induced Born diagrams contributing to 2`2⌫ production in the different-
flavour case (` 6= `0) and in the same-flavour case (` = `0). Double-resonant (a,b), single-resonant (c) and
non-resonant (d) diagrams are shown.

�

�

`
+

`
�

⌫`0

⌫̄`0

`
�

`

Z

�

�

`
+

⌫`0

`
�

⌫̄`0

Z
`

`

(a) (b)

Figure 4. Sample of photon-induced Born diagrams contributing to 2`2⌫ final states only in the same
lepton-flavour case, both for `0 = ` or `0 6= `. Only single-resonant diagrams contribute.

two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production

– 5 –

g

q

q0

q

`0+

`0�
`�

`+
q

g

Figure 2: Example of NNLO interference between quark annihilation and loop-induced gluon
fusion production mechanisms.

g

q

q0

q

`0+

`0�
`�

`+

q00

g

q

g

q

q0

q

`0+

`0�
`�

`+
q

g

(a) (b)

Figure 3: Examples of N3LO contributions in the qg channel.

including also the qg initiated contributions.1 We note that at N3LO we only include diagrams
with closed fermion loops (see Figure 3 (a)); all other contributions that would enter a complete
N3LO calculation (see Figure 3 (b) for example) cannot be consistently accounted for at present.
Our approximation includes all contributions at O(↵2

S
) together with the complete NLO corrections

to the loop-induced gluon fusion channel at O(↵3

S
). As such, besides providing the maximum

perturbative information available at present for this process, our calculation can be used to obtain
a consistent estimate of perturbative uncertainties through the customary procedure of studying
scale variations.

Our calculation is carried out within the computational framework Matrix [52]. Matrix features a
fully general implementation of the qT -subtraction formalism [53] and allowed us to compute NNLO
QCD corrections to a large number of colour-singlet processes at hadron colliders [38, 43, 45, 46, 54–
59].2 The core of the Matrix framework is the Monte Carlo program Munich, which is capable
of computing both NLO QCD and NLO EW [62, 63] corrections to arbitrary SM processes [64].

As in previous Matrix calculations, in our computation of the NLO corrections to the gg ! 4`
process, all the required one-loop amplitudes are evaluated with OpenLoops

3 [69, 70]. At two-loop
level, we use the gg ! V V 0 helicity amplitudes of Ref. [37], and implement the corresponding
four-lepton final states, accounting for spin correlations and o↵-shell e↵ects. The NLO calculation
is performed by using the Catani–Seymour dipole-subtraction method [71, 72] and also with qT
subtraction [53], which provides an additional cross-check of our results.

1We note that there are also qq̄ initiated contributions to the loop-induced production mechanism at O(↵3
S),

which are separately finite. We found them to be completely negligible and ignore them in the following. Our
results include all numerically relevant partonic channels of the NLO corrections to the loop-induced gluon fusion
contribution.

2It was also used in the NNLL+NNLO computation of Ref. [60], and in the NNLOPS computation of Ref. [61].
3
OpenLoops relies on the fast and stable tensor reduction of Collier [65, 66], supported by a rescue system

based on quad-precision CutTools [67] with OneLOop [68] to deal with exceptional phase-space points.
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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have a quite significant impact, at the level of 10% or more, on the various diboson production
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where diagrams with triple vector-boson couplings are absent. In addition to the contributions
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We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......
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We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2
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is used below to compute the cross section in the total phase space. The on-shell top-quark
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1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵
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S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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have a quite significant impact, at the level of 10% or more, on the various diboson production
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Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
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contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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includingalsotheqginitiatedcontributions.
1WenotethatatN

3LOweonlyincludediagrams

withclosedfermionloops(seeFigure3(a));allothercontributionsthatwouldenteracomplete

N
3LOcalculation(seeFigure3(b)forexample)cannotbeconsistentlyaccountedforatpresent.

OurapproximationincludesallcontributionsatO(↵
2
S)togetherwiththecompleteNLOcorrections

totheloop-inducedgluonfusionchannelatO(↵
3
S).Assuch,besidesprovidingthemaximum

perturbativeinformationavailableatpresentforthisprocess,ourcalculationcanbeusedtoobtain

aconsistentestimateofperturbativeuncertaintiesthroughthecustomaryprocedureofstudying

scalevariations.
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59].
2ThecoreoftheM

atrixframeworkistheMonteCarloprogram
M
unich,whichiscapable

ofcomputingbothNLOQCDandNLOEW
[62,63]correctionstoarbitrarySM

processes[64].

AsinpreviousM
atrixcalculations,inourcomputationoftheNLOcorrectionstothegg!

4`

process,alltherequiredone-loopamplitudesareevaluatedwithO
penLoops

3[69,70].Attwo-loop

level,weusethegg
!

VV
0helicityamplitudesofRef.[37],andimplementthecorresponding

four-leptonfinalstates,accountingforspincorrelationsando↵-shelle↵ects.TheNLOcalculation

isperformedbyusingtheCatani–Seymourdipole-subtractionmethod[71,72]andalsowithqT

subtraction[53],whichprovidesanadditionalcross-checkofourresults.

1Wenotethattherearealsoqq̄initiatedcontributionstotheloop-inducedproductionmechanismatO(↵
3
S),

whichareseparatelyfinite.Wefoundthem
tobecompletelynegligibleandignorethem

inthefollowing.Our

resultsincludeallnumericallyrelevantpartonicchannelsoftheNLOcorrectionstotheloop-inducedgluonfusion

contribution.

2ItwasalsousedintheNNLL+NNLOcomputationofRef.[60],andintheNNLOPScomputationofRef.[61].

3OpenLoopsreliesonthefastandstabletensorreductionofCollier[65,66],supportedbyarescuesystem

basedonquad-precision
CutTools[67]with

O
neLO

op[68]todealwithexceptionalphase-spacepoints.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵
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and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
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while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵
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), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵
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) correction to these processes. In the combination of NNLO QCD and NLO EW
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The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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Figure 3: Examples of N3LO contributions in the qg channel.

including also the qg initiated contributions.1 We note that at N3LO we only include diagrams
with closed fermion loops (see Figure 3 (a)); all other contributions that would enter a complete
N3LO calculation (see Figure 3 (b) for example) cannot be consistently accounted for at present.
Our approximation includes all contributions at O(↵2

S
) together with the complete NLO corrections

to the loop-induced gluon fusion channel at O(↵3

S
). As such, besides providing the maximum

perturbative information available at present for this process, our calculation can be used to obtain
a consistent estimate of perturbative uncertainties through the customary procedure of studying
scale variations.

Our calculation is carried out within the computational framework Matrix [52]. Matrix features a
fully general implementation of the qT -subtraction formalism [53] and allowed us to compute NNLO
QCD corrections to a large number of colour-singlet processes at hadron colliders [38, 43, 45, 46, 54–
59].2 The core of the Matrix framework is the Monte Carlo program Munich, which is capable
of computing both NLO QCD and NLO EW [62, 63] corrections to arbitrary SM processes [64].

As in previous Matrix calculations, in our computation of the NLO corrections to the gg ! 4`
process, all the required one-loop amplitudes are evaluated with OpenLoops

3 [69, 70]. At two-loop
level, we use the gg ! V V 0 helicity amplitudes of Ref. [37], and implement the corresponding
four-lepton final states, accounting for spin correlations and o↵-shell e↵ects. The NLO calculation
is performed by using the Catani–Seymour dipole-subtraction method [71, 72] and also with qT
subtraction [53], which provides an additional cross-check of our results.

1We note that there are also qq̄ initiated contributions to the loop-induced production mechanism at O(↵3
S),

which are separately finite. We found them to be completely negligible and ignore them in the following. Our
results include all numerically relevant partonic channels of the NLO corrections to the loop-induced gluon fusion
contribution.

2It was also used in the NNLL+NNLO computation of Ref. [60], and in the NNLOPS computation of Ref. [61].
3
OpenLoops relies on the fast and stable tensor reduction of Collier [65, 66], supported by a rescue system

based on quad-precision CutTools [67] with OneLOop [68] to deal with exceptional phase-space points.
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
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We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
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2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘
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mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ
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including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.

3

q

q̄

`
+

`
�

⌫`0

⌫̄`0

Z/�

q

Z

q

q̄

`
+

`
�

⌫`0

⌫̄`0
Z

`
�

Z/�

u

ū
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.
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includingalsotheqginitiatedcontributions.
1WenotethatatN

3LOweonlyincludediagrams

withclosedfermionloops(seeFigure3(a));allothercontributionsthatwouldenteracomplete

N
3LOcalculation(seeFigure3(b)forexample)cannotbeconsistentlyaccountedforatpresent.

OurapproximationincludesallcontributionsatO(↵
2
S)togetherwiththecompleteNLOcorrections

totheloop-inducedgluonfusionchannelatO(↵
3
S).Assuch,besidesprovidingthemaximum

perturbativeinformationavailableatpresentforthisprocess,ourcalculationcanbeusedtoobtain

aconsistentestimateofperturbativeuncertaintiesthroughthecustomaryprocedureofstudying

scalevariations.

OurcalculationiscarriedoutwithinthecomputationalframeworkM
atrix[52].M

atrixfeaturesa

fullygeneralimplementationoftheqT-subtractionformalism[53]andallowedustocomputeNNLO

QCDcorrectionstoalargenumberofcolour-singletprocessesathadroncolliders[38,43,45,46,54–

59].
2ThecoreoftheM

atrixframeworkistheMonteCarloprogram
M
unich,whichiscapable

ofcomputingbothNLOQCDandNLOEW
[62,63]correctionstoarbitrarySM

processes[64].

AsinpreviousM
atrixcalculations,inourcomputationoftheNLOcorrectionstothegg!

4`

process,alltherequiredone-loopamplitudesareevaluatedwithO
penLoops

3[69,70].Attwo-loop

level,weusethegg
!

VV
0helicityamplitudesofRef.[37],andimplementthecorresponding

four-leptonfinalstates,accountingforspincorrelationsando↵-shelle↵ects.TheNLOcalculation

isperformedbyusingtheCatani–Seymourdipole-subtractionmethod[71,72]andalsowithqT

subtraction[53],whichprovidesanadditionalcross-checkofourresults.

1Wenotethattherearealsoqq̄initiatedcontributionstotheloop-inducedproductionmechanismatO(↵
3
S),

whichareseparatelyfinite.Wefoundthem
tobecompletelynegligibleandignorethem

inthefollowing.Our

resultsincludeallnumericallyrelevantpartonicchannelsoftheNLOcorrectionstotheloop-inducedgluonfusion

contribution.

2ItwasalsousedintheNNLL+NNLOcomputationofRef.[60],andintheNNLOPScomputationofRef.[61].

3OpenLoopsreliesonthefastandstabletensorreductionofCollier[65,66],supportedbyarescuesystem

basedonquad-precision
CutTools[67]with

O
neLO

op[68]todealwithexceptionalphase-spacepoints.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵
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), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵
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) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
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2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
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� and ZZ channels.
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varies significantly between the channels. Photon-induced contributions to the DF channel are
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the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W
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� pair [9, 10]. In fact, for on-shell W+
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pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
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Figure 3: Examples of N3LO contributions in the qg channel.

including also the qg initiated contributions.1 We note that at N3LO we only include diagrams
with closed fermion loops (see Figure 3 (a)); all other contributions that would enter a complete
N3LO calculation (see Figure 3 (b) for example) cannot be consistently accounted for at present.
Our approximation includes all contributions at O(↵2

S
) together with the complete NLO corrections

to the loop-induced gluon fusion channel at O(↵3

S
). As such, besides providing the maximum

perturbative information available at present for this process, our calculation can be used to obtain
a consistent estimate of perturbative uncertainties through the customary procedure of studying
scale variations.

Our calculation is carried out within the computational framework Matrix [52]. Matrix features a
fully general implementation of the qT -subtraction formalism [53] and allowed us to compute NNLO
QCD corrections to a large number of colour-singlet processes at hadron colliders [38, 43, 45, 46, 54–
59].2 The core of the Matrix framework is the Monte Carlo program Munich, which is capable
of computing both NLO QCD and NLO EW [62, 63] corrections to arbitrary SM processes [64].

As in previous Matrix calculations, in our computation of the NLO corrections to the gg ! 4`
process, all the required one-loop amplitudes are evaluated with OpenLoops

3 [69, 70]. At two-loop
level, we use the gg ! V V 0 helicity amplitudes of Ref. [37], and implement the corresponding
four-lepton final states, accounting for spin correlations and o↵-shell e↵ects. The NLO calculation
is performed by using the Catani–Seymour dipole-subtraction method [71, 72] and also with qT
subtraction [53], which provides an additional cross-check of our results.

1We note that there are also qq̄ initiated contributions to the loop-induced production mechanism at O(↵3
S),

which are separately finite. We found them to be completely negligible and ignore them in the following. Our
results include all numerically relevant partonic channels of the NLO corrections to the loop-induced gluon fusion
contribution.

2It was also used in the NNLL+NNLO computation of Ref. [60], and in the NNLOPS computation of Ref. [61].
3
OpenLoops relies on the fast and stable tensor reduction of Collier [65, 66], supported by a rescue system

based on quad-precision CutTools [67] with OneLOop [68] to deal with exceptional phase-space points.
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
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is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
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mZZ . Residual uncertainties are estimated from customary 7-point scale
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photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the

2

q

q̄

`
+

`
�

⌫`0

⌫̄`0

Z/�

q

Z

q

q̄

`
+

`
�

⌫`0

⌫̄`0
Z

`
�

Z/�

u

ū
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including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
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production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.
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includingalsotheqginitiatedcontributions.
1WenotethatatN

3LOweonlyincludediagrams

withclosedfermionloops(seeFigure3(a));allothercontributionsthatwouldenteracomplete

N
3LOcalculation(seeFigure3(b)forexample)cannotbeconsistentlyaccountedforatpresent.

OurapproximationincludesallcontributionsatO(↵
2
S)togetherwiththecompleteNLOcorrections

totheloop-inducedgluonfusionchannelatO(↵
3
S).Assuch,besidesprovidingthemaximum

perturbativeinformationavailableatpresentforthisprocess,ourcalculationcanbeusedtoobtain

aconsistentestimateofperturbativeuncertaintiesthroughthecustomaryprocedureofstudying

scalevariations.

OurcalculationiscarriedoutwithinthecomputationalframeworkM
atrix[52].M

atrixfeaturesa

fullygeneralimplementationoftheqT-subtractionformalism[53]andallowedustocomputeNNLO

QCDcorrectionstoalargenumberofcolour-singletprocessesathadroncolliders[38,43,45,46,54–

59].
2ThecoreoftheM

atrixframeworkistheMonteCarloprogram
M
unich,whichiscapable

ofcomputingbothNLOQCDandNLOEW
[62,63]correctionstoarbitrarySM

processes[64].

AsinpreviousM
atrixcalculations,inourcomputationoftheNLOcorrectionstothegg!

4`

process,alltherequiredone-loopamplitudesareevaluatedwithO
penLoops

3[69,70].Attwo-loop

level,weusethegg
!

VV
0helicityamplitudesofRef.[37],andimplementthecorresponding

four-leptonfinalstates,accountingforspincorrelationsando↵-shelle↵ects.TheNLOcalculation

isperformedbyusingtheCatani–Seymourdipole-subtractionmethod[71,72]andalsowithqT

subtraction[53],whichprovidesanadditionalcross-checkofourresults.

1Wenotethattherearealsoqq̄initiatedcontributionstotheloop-inducedproductionmechanismatO(↵
3
S),

whichareseparatelyfinite.Wefoundthem
tobecompletelynegligibleandignorethem

inthefollowing.Our

resultsincludeallnumericallyrelevantpartonicchannelsoftheNLOcorrectionstotheloop-inducedgluonfusion

contribution.

2ItwasalsousedintheNNLL+NNLOcomputationofRef.[60],andintheNNLOPScomputationofRef.[61].

3OpenLoopsreliesonthefastandstabletensorreductionofCollier[65,66],supportedbyarescuesystem

basedonquad-precision
CutTools[67]with

O
neLO

op[68]todealwithexceptionalphase-spacepoints.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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ū

`
+

⌫`

`
0�

⌫̄`0

W
+

d

W
�

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

Z/�

(a) (b) (c) (d)

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
�

`
�

Z/�

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

u

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

W
+

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

W
+

⌫`

W
+

(e) (f) (g) (h)

Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.

�

�

`
+

`
�

⌫`0

⌫̄`0

`
�

`

Z

�

�

`
+

⌫`

`
0�

⌫̄`0

`
�

`

W
�

�

�

`
+

⌫l

`
0�

⌫̄`0

W
+

W

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

(a) (b) (c) (d)

Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-

– 5 –

q

q̄

`
+

`
�

⌫`0

⌫̄`0

Z/�

q

Z

q

q̄

`
+

`
�

⌫`0

⌫̄`0
Z

`
�

Z/�

u

ū
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where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 5. Sample of one loop diagrams contributing to 2`2⌫ production in the different-flavour case (` 6= `0)
and in the same-flavour case (` = `0) in the quark-induced (a-d) and photon-induced (e-h) channels.
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Figure 6. Sample of one-loop diagrams contributing to 2`2⌫ final states only in the same-flavour (wrt. the
charged leptons) case in the quark-induced (a-d) and photon-induced (e-h) channels.

in t-channel topologies with subsequent emission of a Z boson with Z ! ⌫⌫̄ is the only photon-
induced production mechanism at LO, as shown in the sample diagrams of Fig. 4. Consequently,
the invariant mass of the charged-lepton pair does not show a Breit–Wigner peak around MZ .

Similarly as for quark–antiquark annihilation, the �� ! e
+
e
�
⌫e⌫̄e channel is build from the

coherent sum of all diagrams entering �� ! e
+
µ
�
⌫e⌫̄µ and �� ! e

+
e
�
⌫µ/⌧ ⌫̄µ/⌧ .

2.3 Ingredients of QCD and EW corrections

At NLO QCD all O(↵s↵
4) contributions to pp ! 2`2⌫ are taken into account. In the qq̄ channel, the

only QCD loop corrections arise from virtual-gluon exchange, while the real corrections result from
real-gluon emission and crossed topologies describing (anti-)quark–gluon channels. The infrared
divergences separately arising in these two contributions are mediated by the standard dipole-
subtraction approach [35, 36]. We note that the �� channels do not receive QCD corrections at
NLO, due to the absence of any QCD partons in all tree-level diagrams.

At NLO EW we include the full set of O(↵5) contributions to pp ! 2`2⌫. At this order both
the qq̄ and �� channels receive corrections from virtual EW bosons and from closed fermion loops,
cf. Figs. 5–6. These corrections include Higgs resonances with decay into four fermions coupled
to weak bosons (in the qq̄ channel) or coupled to a heavy-fermion loop (in the �� channel). The
real corrections in the qq̄ channel can be split into real-photon emission channels and �q ! 2`2⌫q
channels1 with initial-state � ! qq̄ splittings. The �� channel also receives real corrections from

1Corresponding �q̄-induced channels are implicitly understood here and in the following.
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photon bremsstrahlung, and also from �q ! 2`2⌫q channels with initial-state q ! q� splittings,
cf. Figs. 7–8. While the separation into qq̄ and �� channels can still be preserved for virtual and
photon-bremsstrahlung contributions, such separation is no longer meaningful for the q�-initiated
channels due to their singularity structure: both above-mentioned splittings result in infrared-
divergent configurations, and these q� channels simultaneously cancel infrared poles arising in qq̄

and �� channels. This situation demands the inclusion of the full NLO EW corrections to the qq̄

and �� Born processes to guarantee infrared safety and consistency. To deal with the mediation of
these divergences between virtual and real corrections the QED extension of the dipole-subtraction
method [37–39] is applied (see Appendix A).

Instead of a separation of NLO contributions into qq̄ and �� channels, we quantify the impact
of photon-induced processes by considering contributions involving at least one photon PDF factor
and all other contributions that are also present under the assumption of vanishing photon PDFs. At
LO this distinction coincides with the splitting according to production modes, while at NLO EW
it combines �� and �q channels in spite of the fact that the latter involves qq̄-related contributions.

3 Technical ingredients and setup of the simulations

3.1 Tools

The calculations presented in this paper have been performed with the automated frameworks Mu-

nich+OpenLoops and Sherpa+OpenLoops. They automate the full chain of all operations—
from process definition to collider observables—that enter NLO QCD+EW simulations at parton
level. The recently achieved automation of EW corrections [24, 26] is based on the well established
QCD implementations and allows for NLO QCD+EW simulations for a vast range of SM processes,
up to high particle multiplicities, at current and future colliders.

In these frameworks virtual amplitudes are provided by the OpenLoops program [28], which
is based on the open-loops algorithm [27] – a fast numerical recursion for the evaluation of one-loop
scattering amplitudes. Combined with the Collier tensor reduction library [40], which imple-
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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ū

`
+

⌫`

`
0�

⌫̄`0

W
+

d

W
�

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

Z/�

(a) (b) (c) (d)

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
�

`
�

Z/�

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

u

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

W
+

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

W
+

⌫`

W
+

(e) (f) (g) (h)

Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.

�

�

`
+

`
�

⌫`0

⌫̄`0

`
�

`

Z

�

�

`
+

⌫`

`
0�

⌫̄`0

`
�

`

W
�

�

�

`
+

⌫l

`
0�

⌫̄`0

W
+

W

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

(a) (b) (c) (d)

Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-

– 5 –

�

�

`
+

⌫l

`
0�

⌫̄`0

W
+

W

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

`
�

`

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

`

`
0

W

(a) (b) (c) (d)

Figure 3. Sample of photon-induced Born diagrams contributing to 2`2⌫ production in the different-
flavour case (` 6= `0) and in the same-flavour case (` = `0). Double-resonant (a,b), single-resonant (c) and
non-resonant (d) diagrams are shown.

�

�

`
+

`
�

⌫`0

⌫̄`0

`
�

`

Z

�

�

`
+

⌫`0

`
�

⌫̄`0

Z
`

`

(a) (b)

Figure 4. Sample of photon-induced Born diagrams contributing to 2`2⌫ final states only in the same
lepton-flavour case, both for `0 = ` or `0 6= `. Only single-resonant diagrams contribute.

two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
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Figure 3: Examples of N3LO contributions in the qg channel.

including also the qg initiated contributions.1 We note that at N3LO we only include diagrams
with closed fermion loops (see Figure 3 (a)); all other contributions that would enter a complete
N3LO calculation (see Figure 3 (b) for example) cannot be consistently accounted for at present.
Our approximation includes all contributions at O(↵2

S
) together with the complete NLO corrections

to the loop-induced gluon fusion channel at O(↵3

S
). As such, besides providing the maximum

perturbative information available at present for this process, our calculation can be used to obtain
a consistent estimate of perturbative uncertainties through the customary procedure of studying
scale variations.

Our calculation is carried out within the computational framework Matrix [52]. Matrix features a
fully general implementation of the qT -subtraction formalism [53] and allowed us to compute NNLO
QCD corrections to a large number of colour-singlet processes at hadron colliders [38, 43, 45, 46, 54–
59].2 The core of the Matrix framework is the Monte Carlo program Munich, which is capable
of computing both NLO QCD and NLO EW [62, 63] corrections to arbitrary SM processes [64].

As in previous Matrix calculations, in our computation of the NLO corrections to the gg ! 4`
process, all the required one-loop amplitudes are evaluated with OpenLoops

3 [69, 70]. At two-loop
level, we use the gg ! V V 0 helicity amplitudes of Ref. [37], and implement the corresponding
four-lepton final states, accounting for spin correlations and o↵-shell e↵ects. The NLO calculation
is performed by using the Catani–Seymour dipole-subtraction method [71, 72] and also with qT
subtraction [53], which provides an additional cross-check of our results.

1We note that there are also qq̄ initiated contributions to the loop-induced production mechanism at O(↵3
S),

which are separately finite. We found them to be completely negligible and ignore them in the following. Our
results include all numerically relevant partonic channels of the NLO corrections to the loop-induced gluon fusion
contribution.

2It was also used in the NNLL+NNLO computation of Ref. [60], and in the NNLOPS computation of Ref. [61].
3
OpenLoops relies on the fast and stable tensor reduction of Collier [65, 66], supported by a rescue system

based on quad-precision CutTools [67] with OneLOop [68] to deal with exceptional phase-space points.
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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Figure 1: Born-level Feynman diagrams for ZZ production with four charged final-state leptons.

We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2

W
= (m2

W
� i�W mW )/(m2

Z
� i�Z mZ) and

↵ =
p
2Gµm2

W
sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘

1

2
mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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ū

`
+

⌫`

`
0�

⌫̄`0

W
+

d

W
�

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

Z/�

(a) (b) (c) (d)

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
�

`
�

Z/�

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

u

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

W
+

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

W
+

⌫`

W
+

(e) (f) (g) (h)

Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵
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We compute the four-lepton (4`) processes

pp ! `+`� `0+`0� +X,

with di↵erent-flavour (DF) leptons (` 6= `0), denoted as ```0`0. Representative Born level diagrams are
shown in Figure 1. They involve double-resonant t-channel ZZ production (panel a), single-resonant
s-channel Drell–Yan (DY) topologies (panel b), and loop induced gluon fusion diagrams (panel c).

3 Results

Validation

The NLO corrections to the loop induced gluon fusion contributions have been first computed
in Ref. [25] and in Ref. [27], by neglecting the quark-gluon channel. The results of Ref. [25]
are provided with only two significant digits. More accurate results are given in Ref. [27]. In
Refs. [25, 27] the calculation is carried out by using five massless flavours and the contribution of
top quark loops and triangles is neglected. We have compared our results with those of Ref. [27]
by using exactly the same implementation.......

3.1 Setup

We present predictions for pp collisions at 8 and 13 TeV. For the EW parameters we employ the
Gµ scheme and compute the EW mixing angle as cos ✓2
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Z
� i�Z mZ) and
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sin2 ✓W/⇡, using the complex-mass scheme [59] throughout. The EW inputs are

set to the PDG [60] values: GF = 1.16639⇥ 10�5GeV�2, mW = 80.385GeV, �W = 2.0854GeV,
mZ = 91.1876GeV, �Z = 2.4952GeV, mH = 125GeV, and �H = 0.00407. The branching ratio of
the Z-boson decay into massless charged leptons, ` 2 {e, µ}, is BR(Z ! ``) = 0.033631, which
is used below to compute the cross section in the total phase space. The on-shell top-quark
mass is set to mt = 173.2GeV, and �t = 1.44262 is used. For each perturbative order we use
the corresponding set of Nf = 5 NNPDF3.0 [61] parton distributions with ↵S(mZ) = 0.118.
Renormalization (µR) and factorization (µF ) scales are set to half of the invariant mass of the ZZ
pair, µR = µF = µ0 ⌘
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mZZ . Residual uncertainties are estimated from customary 7-point scale

variations by a factor of two, with the constraint 0.5  µR/µF  2.

We use the selection cuts adopted by the ATLAS collaboration, as explained in Table 1. The
fiducial cuts involve standard requirements on the transverse momenta and pseudo-rapidities of the
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MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].
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that enters at O(↵
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ū

`
+

⌫`

`
0�

⌫̄`0

W
+

d

W
�

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

Z/�

(a) (b) (c) (d)

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
�

`
�

Z/�

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

u

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

W
+

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

W
+

⌫`

W
+

(e) (f) (g) (h)

Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.

�

�

`
+

`
�

⌫`0

⌫̄`0

`
�

`

Z

�

�

`
+

⌫`

`
0�

⌫̄`0

`
�

`

W
�

�

�

`
+

⌫l

`
0�

⌫̄`0

W
+

W

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

(a) (b) (c) (d)

Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-

– 5 –

q

q̄

`
+

`
�

⌫`0

⌫̄`0

Z/�

q

Z

q

q̄

`
+

`
�

⌫`0

⌫̄`0
Z

`
�

Z/�

u

ū
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channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
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including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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approximation is applied. Our implementation can deal with any combination of leptonic flavours,
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though.
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In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.
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includingalsotheqginitiatedcontributions.
1WenotethatatN

3LOweonlyincludediagrams

withclosedfermionloops(seeFigure3(a));allothercontributionsthatwouldenteracomplete

N
3LOcalculation(seeFigure3(b)forexample)cannotbeconsistentlyaccountedforatpresent.

OurapproximationincludesallcontributionsatO(↵
2
S)togetherwiththecompleteNLOcorrections

totheloop-inducedgluonfusionchannelatO(↵
3
S).Assuch,besidesprovidingthemaximum

perturbativeinformationavailableatpresentforthisprocess,ourcalculationcanbeusedtoobtain

aconsistentestimateofperturbativeuncertaintiesthroughthecustomaryprocedureofstudying

scalevariations.

OurcalculationiscarriedoutwithinthecomputationalframeworkM
atrix[52].M

atrixfeaturesa

fullygeneralimplementationoftheqT-subtractionformalism[53]andallowedustocomputeNNLO

QCDcorrectionstoalargenumberofcolour-singletprocessesathadroncolliders[38,43,45,46,54–

59].
2ThecoreoftheM

atrixframeworkistheMonteCarloprogram
M
unich,whichiscapable

ofcomputingbothNLOQCDandNLOEW
[62,63]correctionstoarbitrarySM

processes[64].

AsinpreviousM
atrixcalculations,inourcomputationoftheNLOcorrectionstothegg!

4`

process,alltherequiredone-loopamplitudesareevaluatedwithO
penLoops

3[69,70].Attwo-loop

level,weusethegg
!

VV
0helicityamplitudesofRef.[37],andimplementthecorresponding

four-leptonfinalstates,accountingforspincorrelationsando↵-shelle↵ects.TheNLOcalculation

isperformedbyusingtheCatani–Seymourdipole-subtractionmethod[71,72]andalsowithqT

subtraction[53],whichprovidesanadditionalcross-checkofourresults.

1Wenotethattherearealsoqq̄initiatedcontributionstotheloop-inducedproductionmechanismatO(↵
3
S),

whichareseparatelyfinite.Wefoundthem
tobecompletelynegligibleandignorethem

inthefollowing.Our

resultsincludeallnumericallyrelevantpartonicchannelsoftheNLOcorrectionstotheloop-inducedgluonfusion

contribution.

2ItwasalsousedintheNNLL+NNLOcomputationofRef.[60],andintheNNLOPScomputationofRef.[61].

3OpenLoopsreliesonthefastandstabletensorreductionofCollier[65,66],supportedbyarescuesystem

basedonquad-precision
CutTools[67]with

O
neLO

op[68]todealwithexceptionalphase-spacepoints.
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Figure 1: Sample of Born diagrams contributing to W+Z production both in the di↵erent-flavour
channel (` 6= `0) and in the same-flavour channel (` = `0). The analogous diagrams for W�Z
production are achieved by charge conjugation.

including all resonant and non-resonant Feynman diagrams that contribute to the production of
three charged leptons—one opposite-sign, same-flavour (OSSF) lepton pair, and another charged
lepton of either the same (`0 = `) or a di↵erent (`0 6= `) flavour, later referred to as same-flavour (SF)
and di↵erent-flavour (DF) channel—and one corresponding neutrino.

Our calculation is performed in the complex-mass scheme [21], and besides resonances, it
includes also contributions from o↵-shell EW bosons and all relevant interferences; no resonance
approximation is applied. Our implementation can deal with any combination of leptonic flavours,
`, `0 2 {e, µ, ⌧}. For the sake of brevity, we will often denote this process as W±Z production
though.

The ```⌫ final states are generated, as shown in Figure 1 for the ud̄ ! `0+⌫`0`�`+ process at LO,

(a) via resonant t-channel W±Z production with subsequent W± ! `0±⌫`0 and Z ! `�`+ decays,
where the intermediate Z boson can be replaced by an o↵-shell photon �⇤;

(b) via s-channel production in W± ! W±Z/W±�⇤ topologies through a triple-gauge-boson
vertex WWZ or WW� with subsequent W± ! `0±⌫`0 and Z/�⇤ ! `�`+ decays;

(c) via W±(⇤) production with a subsequent decay W±(⇤) ! `0±⌫`0Z(⇤)/�⇤ ! `0±⌫`0`�`+.

In the SF channel, each diagram is duplicated according to the two possible assignments of the
two identical charged leptons to the respective decays, but the generic resonance structure is not
modified as compared to the DF channel. Note that in both SF and DF channels the appearance
of infrared (IR) divergent �⇤ ! `�`+ splittings prevents a fully inclusive phase-space integration
for massless leptons. In the DF channel, the usual experimental requirement of a mass window
around the Z-boson mass for the OSSF lepton pair is already su�cient to avoid such divergences
and render the cross section finite, while in the SF channel a lepton separation must be applied on
both possible combinations of OSSF lepton pairs.

The NNLO computation requires the following scattering amplitudes at O(↵2

S
):

• tree amplitudes for qq̄0 ! `0±⌫`0`�`+ gg, qq̄0 ! `0±⌫`0`�`+ q00q̄00, and crossing-related processes;

• one-loop amplitudes for qq̄0 ! `0±⌫`0`�`+ g, and crossing-related processes;

• squared one-loop and two-loop amplitudes for qq̄0 ! `0±⌫`0`�`+.
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Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.
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Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
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ū

`
+

⌫`

`
0�

⌫̄`0

W
+

d

W
�

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

Z/�

(a) (b) (c) (d)

q

q̄

`
+

⌫`

`
0�

⌫̄`0

W
�

`
�

Z/�

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

u

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

Z/�

W
+

W
+

u

d̄

`
+

`
�

⌫`0

`
0+

W
+

⌫`

W
+

(e) (f) (g) (h)

Figure 1. Sample LO diagrams for (a-b) 2l-SF-ZZ, (c-e) 2l-DF-WW, and (f-h) 3l-DF-WZ.

�

�

`
+

`
�

⌫`0

⌫̄`0

`
�

`

Z

�

�

`
+

⌫`

`
0�

⌫̄`0

`
�

`

W
�

�

�

`
+

⌫l

`
0�

⌫̄`0

W
+

W

W
�

�

�

`
+

⌫`

`
0�

⌫̄`0

W
+

W
�

(a) (b) (c) (d)

Figure 2. Sample photon-induced LO diagrams for (a) 2l-SF-ZZ, and (b-d) 2l-DF-WW. There is no LO
photon-induced contribution for 3l-DF-WZ.

2.3 Higher-order QCD corrections

For vector-boson pair production processes QCD higher-order corrections have a sizeable impact.
The NLO QCD corrections increase inclusive cross sections by 40-50% for ZZ and WW production
and around 90% for WZ production [37, 62–69]. The latter large NLO effect for WZ production MW

MWoriginates from an approximate radiation zero appearing in the leading helicity amplitude for WZ

production at LO [20, 70], which is not present at higher orders. Also NNLO QCD corrections
have a quite significant impact, at the level of 10% or more, on the various diboson production
processes [19–21, 23–26, 71, 72].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of WZ production. Similar
diagrams contribute also to all other diboson processes, with the only exception of ZZ production,
where diagrams with triple vector-boson couplings are absent. In addition to the contributions
illustrated in figure 3, WW and ZZ production involve also a loop-induced gluon-fusion channel
that enters at O(↵

2
s
), i.e. at the same order as it is part of the NNLO QCD corrections. The MW

contribution of this gg ! V V channel to charge-neutral final states is quite sizeable. It has been
computed to one order higher in perturbation theory [30, 32, 73–76], which is assumed to be the
dominant O(↵

3

S
) correction to these processes. In the combination of NNLO QCD and NLO EW

corrections presented in this paper the gg ! V V channels will be are included at the lowest order MW
MWat O(↵

2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-

– 5 –

g

q
q0

q

`0
+

`0
�

`�

`+

q

g

Fig
ure

2:
Exa

mp
le of N

NL
O inte

rfer
enc

e bet
wee

n qua
rk

ann
ihil

atio
n and

loo
p-in

duc
ed

glu
on

fusi
on

pro
duc

tion
mec

han
ism

s.

g

q
q0

q

`0
+

`0
�

`�

`+

q0
0 g

q

g

q
q0

q

`0
+

`0
�

`�

`+

q

g

(a)

(b)

Fig
ure

3: E
xam

ples
of N

3 LO
con

trib
utio

ns i
n the

qg
cha

nne
l.

incl
udi

ng
also

the
qg

init
iate

d con
trib

utio
ns.

1 We n
ote

tha
t at

N
3 LO

we
onl

y incl
ude

dia
gra

ms

wit
h clos

ed
ferm

ion
loop

s (s
ee F

igu
re 3

(a))
; al

l ot
her

con
trib

utio
ns t

hat
wou

ld ent
er a

com
plet

e

N
3 LO

calc
ula

tion
(see

Fig
ure

3 (b
) fo

r ex
am

ple)
can

not
be

con
sist

ent
ly acc

oun
ted

for
at p

rese
nt.

Our
app

rox
ima

tion
incl

ude
s al

l co
ntri

but
ions

at O
(↵

2
S
) to

geth
er w

ith
the

com
plet

e N
LO

corr
ecti

ons

to the
loo

p-in
duc

ed
glu

on
fusi

on
cha

nne
l at

O(↵
3
S
). As

suc
h, b

esid
es p

rov
idin

g the
ma

xim
um

per
turb

ativ
e in

form
atio

n ava
ilab

le a
t pr

esen
t fo

r th
is p

roc
ess,

our
calc

ulat
ion

can
be u

sed
to o

bta
in

a co
nsis

ten
t es

tim
ate

of p
ertu

rba
tive

unc
erta

inti
es t

hro
ugh

the
cus

tom
ary

pro
ced

ure
of s

tud
yin

g

sca
le v

aria
tion

s.

Our
calc

ulat
ion

is c
arri

ed o
ut w

ithi
n th

e co
mp

uta
tion

al fr
ame

wor
kM

at
ri
x [52]

. M
at

ri
x feat

ure
s a

full
y ge

ner
al im

plem
ent

atio
n of

the
qT-

sub
trac

tion
form

alis
m [53]

and
allo

wed
us t

o co
mp

ute
NN

LO

QC
D corr

ecti
ons

to a
larg

e nu
mb

er o
f co

lour
-sin

glet
pro

cess
es a

t ha
dro

n co
llid

ers
[38,

43,
45,

46,
54–

59].
2 The

cor
e of

the
M
at

ri
x
fram

ewo
rk is t

he
Mont

e C
arlo

pro
gra

m M
un

ic
h, w

hich
is c

apa
ble

of c
om

put
ing

bot
h NL

O QC
D and

NL
O EW

[62,
63]

cor
rect

ion
s to

arb
itra

ry SM
pro

cess
es [

64].

As
in pre

viou
s M

at
ri
x
calc

ula
tion

s, in
our

com
put

atio
n of t

he
NL

O cor
rect

ion
s to

the
gg !

4`

pro
cess

, all
the

req
uire

d on
e-lo

op a
mp

litu
des

are
eva

luat
ed w

ith
Ope

nL
oo

ps
3 [69,

70].
At

two
-loo

p

leve
l, w

e u
se t

he
gg

!
V V

0 heli
city

am
plit

ude
s of

Ref
. [3

7],
and

imp
lem

ent
the

cor
resp

ond
ing

fou
r-le

pto
n fina

l st
ates

, ac
cou

ntin
g fo

r sp
in corr

elat
ions

and
o↵-

she
ll e↵

ects
. T

he N
LO

calc
ulat

ion

is p
erfo

rme
d by

usin
g th

e C
ata

ni–
Sey

mo
ur d

ipo
le-s

ubt
rac

tion
met

hod
[71,

72]
and

also
wit

h qT

sub
trac

tion
[53]

, w
hich

pro
vid

es a
n add

itio
nal

cro
ss-c

hec
k of o

ur r
esu

lts.

1We n
ote

tha
t th

ere
are

also
qq̄

init
iate

d con
trib

utio
ns

to the
loo

p-in
duc

ed
pro

duc
tion

mech
ani

sm
at O

(↵
3
S
),

wh
ich

are
sep

ara
tely

fini
te.

We fo
und

the
m to be

com
ple

tely
neg

ligi
ble

and
ign

ore
the

m in the
foll

owi
ng.

Ou
r

resu
lts

incl
ude

all
num

eric
ally

rele
van

t pa
rton

ic c
han

nels
of t

he
NL

O cor
rect

ion
s to

the
loo

p-in
duc

ed
glu

on
fusi

on

con
trib

utio
n.

2 It w
as a

lso
use

d in the
NN

LL+
NN

LO
com

put
atio

n of R
ef.

[60]
, an

d in the
NN

LO
PS

com
put

atio
n of R

ef.
[61]

.

3Ope
nL

oo
ps

reli
es o

n the
fast

and
stab

le t
ens

or r
edu

ctio
n of C

ol
lie

r
[65,

66],
sup

por
ted

by
a resc

ue
sys

tem

bas
ed

on
qua

d-p
reci

sion
Cu

tT
oo

ls
[67]

wit
h One

LO
op

[68]
to dea

l w
ith

exc
ept

ion
al p

has
e-sp

ace
poi

nts
.

3

α1
s

u

ū
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Figure 5. Sample of one loop diagrams contributing to 2`2⌫ production in the different-flavour case (` 6= `0)
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Figure 6. Sample of one-loop diagrams contributing to 2`2⌫ final states only in the same-flavour (wrt. the
charged leptons) case in the quark-induced (a-d) and photon-induced (e-h) channels.

in t-channel topologies with subsequent emission of a Z boson with Z ! ⌫⌫̄ is the only photon-
induced production mechanism at LO, as shown in the sample diagrams of Fig. 4. Consequently,
the invariant mass of the charged-lepton pair does not show a Breit–Wigner peak around MZ .

Similarly as for quark–antiquark annihilation, the �� ! e
+
e
�
⌫e⌫̄e channel is build from the

coherent sum of all diagrams entering �� ! e
+
µ
�
⌫e⌫̄µ and �� ! e

+
e
�
⌫µ/⌧ ⌫̄µ/⌧ .

2.3 Ingredients of QCD and EW corrections

At NLO QCD all O(↵s↵
4) contributions to pp ! 2`2⌫ are taken into account. In the qq̄ channel, the

only QCD loop corrections arise from virtual-gluon exchange, while the real corrections result from
real-gluon emission and crossed topologies describing (anti-)quark–gluon channels. The infrared
divergences separately arising in these two contributions are mediated by the standard dipole-
subtraction approach [35, 36]. We note that the �� channels do not receive QCD corrections at
NLO, due to the absence of any QCD partons in all tree-level diagrams.

At NLO EW we include the full set of O(↵5) contributions to pp ! 2`2⌫. At this order both
the qq̄ and �� channels receive corrections from virtual EW bosons and from closed fermion loops,
cf. Figs. 5–6. These corrections include Higgs resonances with decay into four fermions coupled
to weak bosons (in the qq̄ channel) or coupled to a heavy-fermion loop (in the �� channel). The
real corrections in the qq̄ channel can be split into real-photon emission channels and �q ! 2`2⌫q
channels1 with initial-state � ! qq̄ splittings. The �� channel also receives real corrections from

1Corresponding �q̄-induced channels are implicitly understood here and in the following.
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photon bremsstrahlung, and also from �q ! 2`2⌫q channels with initial-state q ! q� splittings,
cf. Figs. 7–8. While the separation into qq̄ and �� channels can still be preserved for virtual and
photon-bremsstrahlung contributions, such separation is no longer meaningful for the q�-initiated
channels due to their singularity structure: both above-mentioned splittings result in infrared-
divergent configurations, and these q� channels simultaneously cancel infrared poles arising in qq̄

and �� channels. This situation demands the inclusion of the full NLO EW corrections to the qq̄

and �� Born processes to guarantee infrared safety and consistency. To deal with the mediation of
these divergences between virtual and real corrections the QED extension of the dipole-subtraction
method [37–39] is applied (see Appendix A).

Instead of a separation of NLO contributions into qq̄ and �� channels, we quantify the impact
of photon-induced processes by considering contributions involving at least one photon PDF factor
and all other contributions that are also present under the assumption of vanishing photon PDFs. At
LO this distinction coincides with the splitting according to production modes, while at NLO EW
it combines �� and �q channels in spite of the fact that the latter involves qq̄-related contributions.

3 Technical ingredients and setup of the simulations

3.1 Tools

The calculations presented in this paper have been performed with the automated frameworks Mu-

nich+OpenLoops and Sherpa+OpenLoops. They automate the full chain of all operations—
from process definition to collider observables—that enter NLO QCD+EW simulations at parton
level. The recently achieved automation of EW corrections [24, 26] is based on the well established
QCD implementations and allows for NLO QCD+EW simulations for a vast range of SM processes,
up to high particle multiplicities, at current and future colliders.

In these frameworks virtual amplitudes are provided by the OpenLoops program [28], which
is based on the open-loops algorithm [27] – a fast numerical recursion for the evaluation of one-loop
scattering amplitudes. Combined with the Collier tensor reduction library [40], which imple-
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Figure 5: Transverse-momentum spectrum of the W boson with jet veto (left) and without (right).

This behaviour is not unexpected. As it is well known, at large mWW the perturbative expansion
is a↵ected by large logarithmic contributions of the form ↵n

S
lnm mWW/pveto

T
, which would require

an all-order resummation. Therefore, in the high-mWW region fixed-order predictions become
unreliable, and perturbative uncertainties are significantly larger than what can be inferred from
customary scale variations.8 We note that the nNNLO uncertainty band widens in the tail of the
mWW distribution, becoming larger than the NNLO band. This e↵ect is clearly driven by the
interplay of the jet veto with the NLO corrections to the gg channel.

We find similar results for the transverse-momentum distribution of the reconstructed W+ boson
(pT,W+) in Figure 5; the distribution in pT,W� behaves similarly. Without the jet veto (right
panel) the nNNLO corrections are positive at small transverse momenta, and they decrease as
pT,W increases, but remain positive and small in the tail of the distribution. The ggNLO K-factor
is almost completely flat and around +70%, with a minor impact of the qg channel. The small
structure around pT,W ⇠ 150GeV is related to the massive-quark loop contributions. When the jet
veto is applied (left panel) the nNNLO/NNLO ratio is about +5% at small transverse momenta
and steadily decreases until it reaches about �3% for pT,W & 300GeV. The ggNLO correction
is positive at small transverse momenta and it significantly decreases as pT,W increases, with a
considerable e↵ect coming from the qg channel.

8Note that such pathological behaviour could be avoided by employing a dynamic jet-veto definition, as suggested
for instance in Refs. [? ? ] to tame giant QCD K-factors in the high-energy tails of kinematical distributions.
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interplay of the jet veto with the NLO corrections to the gg channel.
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is almost completely flat and around +70%, with a minor impact of the qg channel. The small
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process folder:
${process_id}_MATRIX 

binlog default.MATRIX run_XXresultinput

run_XXrun_XXrun_XX

no need to be touched

input (*.dat) 
cards for each run:

- parameter.dat
- model.dat
- distribution.dat

failed

grid_run

main_run

pre_main_run

successful

saved_log_XX

temporary folders 
indicating status of 

current jobs gnuplot

LO-run

NNLO-run

NLO-run

input_of_run

summary

saved_result_XX

log files for each job 
separated into the 

various run phases; 
each contains also 
"failed"/"successful

if indicated in input 
previous logs are 

saved before rerun if indicated in input 
previous results are 
saved before rerun

corresponding input 

result files for ((N)N)LO run:
- total rates (within cuts)
- distributions (separate folder)
- additional combinations with    
  loop-induced component

plots (*.pdf and *.gnu files)

various summary information



process folder:
${process_id}_MATRIX 

bin default.MATRIX run_XX

no need to be touched
… to actually do anything useful, 

but just plain running …
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Structure of the Matrix scripts
${MATRIX_folder}/matrix

imports

global definitions

read command line arguments

read config/MATRIX_configuration & set paths

interactive shell (figure out ${process_id})

license agreement

create input file (for current or all processes)

main compilation
➙ install amplitude provider (OpenLoops, Recola, …)
➙ install external libraries (tdhpl, cln, ginac, VVamp, …)
➙ create Makefile and compile process
➙ download OpenLoops amplitudes

create process folder run/${process_id}_MATRIX

takes care of the entire compilation & setup of the 
code to be run

quite compact:  just ~ 420 lines



Structure of the Matrix scripts
${MATRIX_folder}/matrix

imports
sys.path.append(pjoin(os.path.dirname(os.path.realpath(__file__)),"bin/modules")) 

from initialize_classes_matrix import *

${MATRIX_folder}/bin/modules/initialize_classes_matrix.py 

${MATRIX_folder}/bin/modules/handle_*.py

${MATRIX_folder}/bin/modules/handle_process.py 

➙ contains main class for matrix compilation 
${MATRIX_folder}/bin/modules/handle_input_files.py 

➙ creates input files for each process:
     (file_)parameter.dat, (file_)model.dat, (file_)distribution.dat  

  inside $MATRIX_folder/run/run/input_files/${process_id} 



Structure of the Matrix scripts
${MATRIX_folder}/matrix

imports

global definitions

• define existing processes and their description

• define relevant OpenLoops amplitudes

• define order of printout

• set requirements (tdhpl, VVamp, …)



Structure of the Matrix scripts
${MATRIX_folder}/matrix

imports

global definitions

read command line arguments

read config/MATRIX_configuration & set paths

interactive shell (figure out ${process_id})

license agreement



Structure of the Matrix scripts
${MATRIX_folder}/matrix

imports

global definitions

read command line arguments

read config/MATRIX_configuration & set paths

interactive shell (figure out ${process_id})

license agreement

create input file (for current or all processes)

${MATRIX_folder}/bin/modules/handle_input_files.py 

➙ creates (file_)parameter/model/distribution.dat
  inside $MATRIX_folder/run/run/input_files/${process_id} 

• default input:  ${MATRIX_folder}/config/process_inputs.py

•  

• create input files for all processes:
./matrix ppz01 —clean_create_input_file



Structure of the Matrix scripts
${MATRIX_folder}/matrix

imports

global definitions

read command line arguments

read config/MATRIX_configuration & set paths

interactive shell (figure out ${process_id})

license agreement

create input file (for current or all processes)

main compilation
➙ install amplitude provider (OpenLoops, Recola, …)
➙ install external libraries (tdhpl, cln, ginac, VVamp, …)
➙ create Makefile and compile process
➙ download OpenLoops amplitudes

•  ${MATRIX_folder}/bin/modules/handle_process.py



Structure of the Matrix scripts
${MATRIX_folder}/matrix

imports

global definitions

read command line arguments

read config/MATRIX_configuration & set paths

interactive shell (figure out ${process_id})

license agreement

create input file (for current or all processes)

main compilation
➙ install amplitude provider (OpenLoops, Recola, …)
➙ install external libraries (tdhpl, cln, ginac, VVamp, …)
➙ create Makefile and compile process
➙ download OpenLoops amplitudes

create process folder run/${process_id}_MATRIX

process folder:
${process_id}_MATRIX 

binlog default.MATRIX run_XXresultinput

run_XXrun_XXrun_XX

no need to be touched

input (*.dat) 
cards for each run:

- parameter.dat
- model.dat
- distribution.dat

failed

grid_run

main_run

pre_main_run

successful

saved_log_XX

temporary folders 
indicating status of 

current jobs gnuplot

LO-run

NNLO-run

NLO-run

input_of_run

summary

saved_result_XX

log files for each job 
separated into the 

various run phases; 
each contains also 
"failed"/"successful

if indicated in input 
previous logs are 

saved before rerun if indicated in input 
previous results are 
saved before rerun

corresponding input 

result files for ((N)N)LO run:
- total rates (within cuts)
- distributions (separate folder)
- additional combinations with    
  loop-induced component

plots (*.pdf and *.gnu files)

various summary information

• create process folder                                                         

${MATRIX_folder}/run/${process_id}_MATRIX             

based on predesigned tarballs                                                     

${MATRIX_folder}/run/run.${process_id}.tar



Structure of the Matrix scripts

global definitions

${MATRIX_folder}/bin/run_process

imports

read command line arguments
class: inputs() 

class: run_class()

main part I (setup, readin)
➙ print banner,  read config/MATRIX_configuration
➙ get name of run   & create run-folder/folder structure
➙ get run mode      & adjust folder structure accordingly
➙ read input files & set main C++ inputs
➙ set global parameters from read input files (config&run)
➙ assign grids for contributions

some wrapper functions for actual run

main part II (actual run)
➙ grid-run  ➙ pre-run  ➙ main-run
➙ result combination  ➙ citation list into CITATION.bib  
➙ print result summary on-screen  ➙ gnuplot

takes care of the running/computing all relevant 
cross-section contributions after reading the 
relevant inputs

quite a mess! …almost 6000 lines!



Structure of the Matrix scripts

global definitions

${MATRIX_folder}/bin/run_process

imports

read command line arguments
class: inputs() 

class: run_class()

main part I (setup, readin)
➙ print banner,  read config/MATRIX_configuration
➙ get name of run   & create run-folder/folder structure
➙ get run mode      & adjust folder structure accordingly
➙ read input files & set main C++ inputs
➙ set global parameters from read input files (config&run)
➙ assign grids for contributions

some wrapper functions for actual run

main part II (actual run)
➙ grid-run  ➙ pre-run  ➙ main-run
➙ result combination  ➙ citation list into CITATION.bib  
➙ print result summary on-screen  ➙ gnuplot

main part of code at the end of the file (last ~800 lines)!

part I:   setup of folders and readin of inputs

part II:  actual run of all contribution through all stages



Structure of the Matrix scripts

${MATRIX_folder}/bin/modules/initialize_classes.py

${MATRIX_folder}/bin/run_process

imports



Structure of the Matrix scripts

imports
${MATRIX_folder}/bin/modules/handle_input.py 

➙ implementes interactive shell, sets name of run, … 

${MATRIX_folder}/bin/modules/handle_output.py 

➙ prints banner,  handles on-screen output, creates output logfile 

${MATRIX_folder}/bin/modules/handle_folder.py 

➙ saves relevant paths, delete/move/clean/tar run folder, … 

${MATRIX_folder}/bin/modules/handle_cluster.py 

➙ implements cluster submission for several clusters 

${MATRIX_folder}/bin/modules/handle_lhapdf.py 

➙ checks if required set is installed, downloads PDF sets, … 

${MATRIX_folder}/bin/modules/handle_log.py 

➙ handles log files during run, creates lock file, … 

${MATRIX_folder}/bin/modules/handle_result.py 

➙ creates and fills result folder, includes citations, … 

${MATRIX_folder}/bin/modules/handle_gnuplot.py 

➙ creates gnuplot output and plots results into pdf files 

. . .

${MATRIX_folder}/bin/run_process



Structure of the Matrix scripts

global definitions

• define allowed processes

• define settings for pre-run (parallelization, number of events)

${MATRIX_folder}/bin/run_process

imports



Structure of the Matrix scripts

global definitions

• define allowed input parameters of parameter.dat file 

1. parameters that are identical as in file_parameter.dat

\

2. parameters that have specific order in file_parameter.dat 

3. parameters with different name in file_parameter.dat 

4. parameters relevant for script (not file_parameter.dat)

5. parameters relevant for script (not file_parameter.dat)

${MATRIX_folder}/bin/run_process

imports



Structure of the Matrix scripts

global definitions

• define allowed input parameters of parameter.dat file 

6. process dependent user-defined parameters (cuts)

• set parameter that are required to be in parameter.dat file

• set default values for parameter (if missing in parameter.dat)

• mapping from model.dat (SLHA format ) to file_model.dat 

${MATRIX_folder}/bin/run_process

imports



Structure of the Matrix scripts

global definitions

${MATRIX_folder}/bin/run_process

imports

read command line arguments
class: inputs() 

class: run_class()

• core classes of entire MATRIX script

class: inputs() 

➙ handles all input settings, checks inputs
➙ wraps input from parameter/model/distribution.dat 
     to file_parameter/model/distribution.dat  
➙ reads config/MATRIX_configuration
➙ creates all input files for runtime extrapolation and result 
     combination

class: run_class() 

➙ handles all running from grid-run over pre-run to main-run
➙ handles runtime extrapolation and result combination 
➙ selects all relevant contributions and subprocesses to be run
➙ does cluster submission or multicore mode
➙ determines if run is correctly finished and prints alle           
     on-screen output during running



Structure of the Matrix scripts

global definitions

${MATRIX_folder}/bin/run_process

imports

read command line arguments
class: inputs() 

class: run_class()

main part I (setup, readin)
➙ print banner,  read config/MATRIX_configuration
➙ get name of run   & create run-folder/folder structure
➙ get run mode      & adjust folder structure accordingly
➙ read input files & set main C++ inputs
➙ set global parameters from read input files (config&run)
➙ assign grids for contributions

through
interactive
interface/
command-line
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Structure of the Matrix scripts

global definitions

${MATRIX_folder}/bin/run_process

imports

read command line arguments
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class: run_class()

main part I (setup, readin)
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➙ get run mode      & adjust folder structure accordingly
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➙ set global parameters from read input files (config&run)
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some wrapper functions for actual run

main part II (actual run)
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➙ print result summary on-screen  ➙ gnuplot



How to add a user-defined cut
• add user parameters (user_switch, user_cut) to parameter.dat file of process:

! check out appendix of Matrix Manual !

in order to cut the current phase-space point. The relevant momenta at each event are accessed
via the particle groups as explained above. Nevertheless, we recommend to keep the existing
structure by defining cuts via the user_switch and user_cut parameters that can be interactively
changed afterwards in the file parameter.dat without recompilation of the C++ code, instead
of hard-coding such information in the file specify.cuts.cxx.

As a simple example we consider a lower cut on the absolute rapidity di↵erence between the
hardest and second-hardest lepton. Such cuts are added to the file parameter.dat,

user_switch dy_lep1lep2 = 1 # switch to turn on (1) and off (0) cuts on absolute dy of leptons
user_cut min_dy_lep1lep2 = 0.5 # requirement on absolute rapidity difference of leptons (lower cut)

and implemented into the C++ code as follows:

...
// get settings for cut on absolute rapidity difference of leptons
static int switch_dy_lep1lep2 = USERSWITCH("dy_lep1lep2 ");
static double cut_min_dy_lep1lep2 = USERCUT("min_dy_lep1lep2");

// perform cut on absolute rapidity difference of leptons according to settings
if (switch_dy_lep1lep2 == 1){

double y_lep1 = PARTICLE("lep")[0].rapidity;
double y_lep2 = PARTICLE("lep")[1].rapidity;
double dy_lep1lep2 = y_lep1 - y_lep2;
if (abs(dy_lep1lep2) < cut_min_dy_lep1lep2) {

osi_cut_ps[i_a] = -1; // cut phase-space point
return;

}
}

...

B.5 Implementation of a new observable for distributions

The relevant C++ file is MATRIX_v2.0.0/src-MUNICH/classes/xdistribution.cpp to add a
new user-defined distribution. Note that this part of the code is not specific to a certain process,
and any observable implemented here can in principle be used in all processes. The relevant
routine of the xdistribution class is

void xdistribution::computeObservable(...) {
...

}

A rather comprehensive description of how to add a new distribution can be found commented in-
side this routine. We summarize the most important information. As pointed out in Section 5.1.3,
each observable has a certain type identifier distributiontype set in the file distribution.dat,
which must be specified in every distribution block. Inside the computeObservable routine of
the xdistribution.cpp file, we can add a new distribution-type by extending the if and else

if blocks for xdistribution_type, which corresponds to the string set for distributiontype
in the file distribution.dat. The sum of the momenta of particle i defined for each distri-
bution in the file distribution.dat is saved to an array with entries of type fourvector called
reconstructedParticles[i] inside the C++ code. The distributions can now be defined using
these particles, by setting the variable observable to the value of the observable that should be
binned for the desired xdistribution_type.

Let us consider a simple example where we want to plot the distribution of events in the sum of
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How to add a user-defined cut
• add user parameters (user_switch, user_cut) to parameter.dat file of process:

! check out appendix of Matrix Manual !

• add user parameters (user_switch, user_cut) to parameter.dat file of process:

• add cut inside C++ code under path ${MATRIX_folder}/prc/ppeex02/user/specify_cuts.cxx:

in order to cut the current phase-space point. The relevant momenta at each event are accessed
via the particle groups as explained above. Nevertheless, we recommend to keep the existing
structure by defining cuts via the user_switch and user_cut parameters that can be interactively
changed afterwards in the file parameter.dat without recompilation of the C++ code, instead
of hard-coding such information in the file specify.cuts.cxx.

As a simple example we consider a lower cut on the absolute rapidity di↵erence between the
hardest and second-hardest lepton. Such cuts are added to the file parameter.dat,

user_switch dy_lep1lep2 = 1 # switch to turn on (1) and off (0) cuts on absolute dy of leptons
user_cut min_dy_lep1lep2 = 0.5 # requirement on absolute rapidity difference of leptons (lower cut)

and implemented into the C++ code as follows:

...
// get settings for cut on absolute rapidity difference of leptons
static int switch_dy_lep1lep2 = USERSWITCH("dy_lep1lep2 ");
static double cut_min_dy_lep1lep2 = USERCUT("min_dy_lep1lep2");

// perform cut on absolute rapidity difference of leptons according to settings
if (switch_dy_lep1lep2 == 1){

double y_lep1 = PARTICLE("lep")[0].rapidity;
double y_lep2 = PARTICLE("lep")[1].rapidity;
double dy_lep1lep2 = y_lep1 - y_lep2;
if (abs(dy_lep1lep2) < cut_min_dy_lep1lep2) {

osi_cut_ps[i_a] = -1; // cut phase-space point
return;

}
}

...

B.5 Implementation of a new observable for distributions

The relevant C++ file is MATRIX_v2.0.0/src-MUNICH/classes/xdistribution.cpp to add a
new user-defined distribution. Note that this part of the code is not specific to a certain process,
and any observable implemented here can in principle be used in all processes. The relevant
routine of the xdistribution class is

void xdistribution::computeObservable(...) {
...

}

A rather comprehensive description of how to add a new distribution can be found commented in-
side this routine. We summarize the most important information. As pointed out in Section 5.1.3,
each observable has a certain type identifier distributiontype set in the file distribution.dat,
which must be specified in every distribution block. Inside the computeObservable routine of
the xdistribution.cpp file, we can add a new distribution-type by extending the if and else

if blocks for xdistribution_type, which corresponds to the string set for distributiontype
in the file distribution.dat. The sum of the momenta of particle i defined for each distri-
bution in the file distribution.dat is saved to an array with entries of type fourvector called
reconstructedParticles[i] inside the C++ code. The distributions can now be defined using
these particles, by setting the variable observable to the value of the observable that should be
binned for the desired xdistribution_type.

Let us consider a simple example where we want to plot the distribution of events in the sum of
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How to add a distribution
! check out appendix of Matrix Manual !

• put distribution into distribution.dat file of a process  (check out syntax at end of the file):



How to add a user-defined distribution
! check out appendix of Matrix Manual !

• put distribution into distribution.dat file of a process  (check out syntax at end of the file):

• if required distribution does not exist implement new distribution inside C++ code under path                   
${MATRIX_folder}/src/observable/xdistribution.cpp:

the rapidities of the two hardest leptons by defining a new xdistribution_type. The definition
of the distribution in the file distribution.dat would look like

distributionname = y_lep1_plus_y_lep2
distributiontype = sum_of_y
particle 1 = lep 1
particle 2 = lep 2
startpoint = 0.
endpoint = 10.
binwidth = 0.2

where the name and the specific definition of the binning has relevance for this example. The C++
code for the distribution type sum_of_y can be implemented in a general way for an arbitrary
number of patricle i definitions by adding an else if block to the computeObservable

routine in the file xdistribution.cpp:

...
else if (xdistribution_type == "sum_of_y}") {

double sum_y = 0;
for (int group = 0; group < particles.size(); group++) {

fourvector fourvector_of_current_reconstructed_particle = reconstructedParticles[group]
sum_y = sum_y + fourvector_of_current_reconstructed_particle.y();

}
observable = sum_y;

}
...

Appendix C Troubleshooting

C.1 Compiling on lxplus

There is a problem when compiling OPENLOOPS on the lxplus cluster due to an outdated Fortran
version. Furthermore, when using the window manager screen, the compilers/executables might
not be working (including Python). In both cases you need to execute

$ source /afs/cern.ch/sw/lcg/hepsoft/0.9/x86_64-slc6-gcc48-opt/setup.sh

before compiling OPENLOOPS.51

C.2 Using a window manager on lxplus

Since lxplus grants read/write permissions via kerberos tickets, which are valid only for 24 hours,
it is not trivial to employ a window manager. In particular, the standard option screen does
not work properly. We recommend tmux on lxplus instead, which can be used as follows:

First, create a session with a kerberos ticket

krenew -b -t -- tmux new-session -d -s my_tmux_session

and enter the session with
51In general, it is a good idea to add it to your .bashrc/.bash_profile (and/or your .screenrc) to avoid

having to retype it for each new session/screen.
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How to add/adjust a cluster
• small adjustments to the cluster setup can be done via the config/MATRIX_configuration file

➙ select correct name of cluster (from list of preimplemented clusters)

➙ select correct name of cluster (from list of preimplemented clusters)

➙ NEW: run can be done directly on the local scratch of cluster nodes (substantially reduces load)



How to add/adjust a cluster
• small adjustments to the cluster setup can be done via the config/MATRIX_configuration file

➙ add a line specific to your cluster/needs/setup to the cluster submit file



How to add/adjust a cluster
• small adjustments to the cluster setup can be done via the config/MATRIX_configuration file

• any major change to the cluster setup has to be done directly inside bin/module/handle_cluster.py 



How to add/adjust a cluster
• small adjustments to the cluster setup can be done via the config/MATRIX_configuration file

• any major change to the cluster setup has to be done directly inside bin/module/handle_cluster.py 

➙ there is a class cluster_basic() and one class for each implemented cluster



How to add/adjust a cluster
• small adjustments to the cluster setup can be done via the config/MATRIX_configuration file

• any major change to the cluster setup has to be done directly inside bin/module/handle_cluster.py 

➙ class cluster_basic() includes all routines (dummy & shared) required to submit runs on cluster



How to add/adjust a cluster
• small adjustments to the cluster setup can be done via the config/MATRIX_configuration file

• any major change to the cluster setup has to be done directly inside bin/module/handle_cluster.py 

➙ class ${name}_cluster() inherits from cluster_basic()and overwrites cluster-specific functions


